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n Field of the Invention 

12 The present invention relates generally to tho storage of information 

13 storage on a_ fixod storage media , and moro particular l y to i mprov i ng storage of 

14 i nformation on rotating magn e tic m e dia _ such as a_disks in a disk drive. 

15 

16 Background of the Invention 

n Data storage devices such as disk drives are used in many data 

18 processing systems for data storag e. Typically a disk drive includes a magnetic 

19 data disk having disk r e cording surfaces with concentric data tracks, and a 

20 transducer head paired with each disk r e cording surface T for reading data from 

21 and w riting data to , and reading data from, the data tracks. Each paired 

22 magnet i c h e ad and mod i a surface coup l es to provide a uniquo data recording 

23 capabil i ty which depends on th e fly h e ight of tho head from tho recording surface, 

24 tho qual i ty/distr i bution of magnetic modia on th e r e cording surface, and tho 

25 magn e t i c prop e rti e s of th e magn e t i c h e ad. 

26 

27 Disk drive storage capacity increases by increasing the data density (or 

28 areal density) of the data stored on the disk surfaces. Data density is the linear 

29 bit density on the tracks multiplied by the track density across the disk surface. 

30 Data density is measured in bits per souare inch (BPSI), linear bit density is 

31 measured in bits per inch (BPI) and track density is measured in tracks per inch 
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1 (TPI). As data density increases, the head performance distribution also 

2 increases which diminishes disk drive storage capacity and yield. 

3 

4 CGonventional disk drives fail to account for m e thods of r e cord i ng data 

5 using th e pa i r e d h e ad and r e cording surfac e a r e i nefficient b e caus e they do not 

6 tako i nto consid e ration t he different oos in data recording capabilities o fbotw ee n 

7 the on o pa i r of head and disk rocord i ng surface pairs , and anoth e r h o ad and 

8 surface pair . Conventionally, each disk surface is formatted to store the same 

9 amount of data as every other disk surface. However, each head and disk 

10 surface pair has unigue data recording capability, such as sensitivity and 

n accuracy, which depends on the fly height of the head over the disk surface, the 

12 magnetic properties of the head and the Quality/distribution of the magnetic 

13 media for the disk surface. Thus, in conventional disk drives a head and disk 

14 surface pair that has a low error rate is formatted to the same BPI and TPI as a 

15 head and disk surface pair that has a high error rate. 

16 

17 Though tho heads are d e s i gn e d to p e rform id e ntica ll y in road/writo 

18 op e rations, in practico d i fforont hoads i n a disk drive can have different road/writo 

19 p e rformanc e capab il itios. Lower perform i ng hoads cannot r e ad/writ o data as that 

20 of othor hoads in th o disk drive. Typ i cally, a single error rat e le v e l and a sing le 

21 storag e capac i ty l e v el ar e us e d to r e cord data for a ll th e pair h e ads and surfac e s. 

22 Th i s r e sults i n in e ffic i ent data storage for thoso pairs of hoads and surfac e s that 

23 can stor e mor e data. It a l so l ow e rs th e qualification yi e lds of th e d i sk driv e s 

24 b e caus e on e or more pairs of h e ads and surfac e s do not r e cord data at th e 

25 qua l ifying e rror rat e and capacity l e v el s. 

26 

27 Further, in high data rat e design of disk dr i ves, as th e r e cording density 

28 (i. e . b i ts p e r - inch and/or tracks - p e r -i nch) is incr e as e d, ma i nta i n i ng transduc e r 

29 head tolerances has b e come a challenge Var i anc e in tho re l ative head 

30 performanc e distribution incroasos w i th i ncr e asing data d e nsity. In conv e ntional 
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1 disk drives, th o dr i v o yie l d and capac i ty cuffors as a r e cu l t of h e ad performance 

2 variations in disk dr i ves. 

3 

4 One method of increas i ng tho data storage capac i ty of a d i sk dr i v e 

5 inc l udes increas i ng th o ar o a l d e nsity of the data storod on tho media surfaces 

6 (bits/sq. i n. — BPS I ). Ar e a l d e ns i ty is th e track d e ns i ty wh i ch is tho numb e r of 

7 tracks per radial inch (TPI) that can bo pack e d onto th o m o d i a/rocording surfac e , 

8 mu l tipli e d by tho l inear density (BPI) which is tho number of b i ts of data that can 

9 be stor e d p e r l in e ar inch. 

10 

1 1 Conventional disk drive manufacturing proc e ss e s applies a single error 

12 rate and a single data storage level for the head and disk surface pairs, and fef 

13 qua l ifying disk dr i v e s scraps-a disk drives that include a low performing head and 

14 disk surface pair that fails to meet when-the gualifying reguirements m e asur e d 
is disk capacity of th e disk dr i v e is le ss than a targ e t disk capacity . This lowers 

16 storage capacity due to inefficient use of high performing head and disk surface 

n pairs that can store more data, and lowers yield due to disk drives being 

18 scrapped if they include a low performing head and disk surface pair even if they 

19 also include a high performing head and disk surface pai r Conventionally, each 

20 r e cording surface is formatted to store th e sam e amount of data as every oth e r 

21 rocord i ng surface. Thu s , a recording surfaco that has a low o rror rat e i s 

22 formatted to tho same TP I and BPI l evels, as a rocord i ng surfaco hav i ng a high 

23 orror rato, ovon though it can store more data. Howev e r, by adopting a sing l e 

24 TP I and BP I le v el for e v e ry r e cording surfac e , conv e ntional proc e ss e d fa il to 

25 account for th e diff e r e nc e s in s e nsit i v i ty and accuracy of th e paired h e ad and 

26 rocording surfaco, wh i ch results in l oss data storag e and mor e waste of space on 

27 e ach r e cording surfac e . This also r e su l ts in l ow e r ov e rall y iel ds of disk driv e s 

28 because if ovon a few of tho recording surfac e s do not moot their target e d 

29 capacity, tho sum of tho surface capaciti e s of a ll tho media surfacos wil l be le ss 

30 than tho targot capacity, causing tho ontiro disk drivo to fai l. 

31 
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1 U.S. Patent Nos. 6,091 ,559 and 5,596,458 provide for recording at 

2 different BPI on different disk rocord i ng surfaces, howeve r these approaches T 

3 such m e thods do not take into consideration multiple constraints, including head 

4 performance across the stroke per disk surface affecting disk dr i ve capacity , disk 

5 drive-performance requirements such as {erg^-throughputi and manufacturing 

6 reguirements such as l erOrr-test time^. Instead, disk surface zZ one freouencies 

7 are selected based on moasuroment of a single metric foren one head. 

8 

9 There is, therefore, a need for a m e thod of storing data in a disk drive 

10 which improves disk drive storage capacity and yield and w Me -accounts for 

n moot i ng the dosired target driv e capacity or increas i ng the dr i v e capacity whil e 

12 m ee ting a d e sir e d drive y ie ld by taking advantage of the head performance 

13 variation. 

14 

15 Summary of the Invention 

16 The present invention satisfies thiese needs. 

17 

18 In an embodiment a variable BPI storage format is a function of storag e 

19 zones in data storage devices, such as disk drives, based on head performance 

20 variation between different heads in a set of data storage devices. 

21 

22 In another embodiment - According to on e e mbodim e nt of th e pr e s e nt 

23 inv e ntion, a population of disk drives is selected, and head performance 

24 measurements are taken for e ach s e lect e d disk m e dia surface locations at 

25 different frequencies. Head p Performance distributions afe-obtained from the 

26 head performance measure mentsd -datar provide storage formats and a format 

27 optimiz e r us e s th e d i stributions to for the disks by determining obta i n a d e sign of 

28 different read/write f reguencies fo racross the disk m e d i a surfac e zones AT and 

29 d o t o rmin o h o ad al l ocat i on. Onc e tho different frequenci e s for tho zones havo 

30 b ee n d e t e rmin e d, th e n in e ach disk dr i v e , the heads in each disk drive are 

31 assigned to the pr e det e rm i n e d frequencies optim i zed for . As such, th e pr e s e nt 
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1 invention a ll owo maintain i ng cons i st e nt p e rformance) (both soquontial and 

2 random , throughput) across a population of disk dr i ves, and roducod tost timo. 

3 

4 T This is accompl i shod by d e t e rmining h e ad p o rformanco and dosign of 

5 format at d e v e lopment/d e s i gn t i m e , and assignm e nt of h e ads to diff e r e nt 

6 froqu o nc i os at manufacturing timo. Thoroforo, pred e term i ned d e sign of formats 

7 is performed off l ino, and then marr i es to a manufacturing tost process for 

8 assignment of heads to d i fferent frequenci e s. 

9 

10 I n ono oxamplo, the donsity/format for each r e cording surface zone and 

n th e numb e r of h e ads a l locat e d to e ach d e nsity, ar e pr e s e l e ct e d at d e sign tim e , 

12 and at manufactur i ng t i m e h e ads ar e assign e d to high e r/ l ow e r d e ns i ty formats. 

13 Unlik e convontiona l methods, he head allocations and assignments arei s per 

14 head per zone, taking into consideration head performance variation across the 

15 zones. For instanc eA s such , if- a first head tbatperforms well at the inner 

16 diameter ( ID ) of the disk but poorly at the outer diameter ( OP ) of the disk , and a 

17 second head has reverse performance, then that p e rformance is trad e d off 

18 wh e r e in the first head is assigned aje-high BPIdertstty at the ID and at low 

19 BPIdensity at the OP. and the second head is assigned in the opposite fashion. 

20 Jto-the per zone variable BPI storage format fe f-improvesmg storage capacity by 

21 taking according to tho present i nvent i on, several manufacturing and customer 

22 constraints aro taken into consideration. Performance of each head across the 

23 stroke of the disk surface , as well as performance variation from one head to 

24 another, is -determines ut i liz e d i n d e s i gning the storage d e ns i ty format and 

25 ass i gnm e nts of the head assignments s to tho donsity formats . 

26 

27 In another embodiment, the head performance and the storage format are 

28 determined off-line at development/design time, and then the heads are assigned 

29 to the different freguencies at manufacturing time. Forlfl-ofte example, the 

30 storage format for each disk surface zone and the number of heads allocated to 
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1 each data density are preselected at design time, and then the heads are 

2 assigned to high/low data density storage formats at manufacturing time. 

3 

4 Tho pres e nt invontion provid e s a variab l o BP I storage format ao a funct i on 

5 of storag e zon e s in storag e d e vic e s, such as disk driv e s, bas e d on transduc e r 

6 hoad performance variations botwoon d i fferent hoods i n a sot of disk drives. 

7 In another embodiment, a Th o prosont inv e ntion provid e s a method ef 

8 definesifKj the such a storage format in mu l tipl e data storage devices, with - each 

9 data storage device having a -multiple p l ural i tv of storage media and a p l ura l ity of 

10 corresponding data transducer heads, each transducer head for recording on 
n and playback of information from a corresponding storage media m e dium in 

12 multiple zones, and w h e r e in each zone includinges a plurality of concentric 

13 tracks for recording on and playback of information. _The method includes-tbe 

14 steps of: (1) selecting a plural i ty of a sample of the said data storage devices^ (2) 
is for each selected data storage device, measuring a record/playback performance 
16 capability of each head at one or more read/write frequencies per zone^ (3) 

n bas e d on sa i d p e rformanc e capab i l i ty m e asur e m e nts, generating head 

18 performance storage density distributions correspond i ng to at l e ast a numb e r of 

19 the hoads in said soloctod data storage dov i cos based on the head performance 

20 measurements.^ (4) selecting a group of read/write frequencies for thesaM 

21 multiple data storage devices, two or more frequencies for each zone, based on 

22 thesaid head performance storag e d e ns i ty distributions^ and thereafter, during 

23 manufacturing, (5) assigning one of thesaid read/write frequencies to each head 

24 based on the performance capabi l ity of that head p o r storag e d o v i c o. 

25 

26 Advantageously, the present invention provides consistent performance 

27 (both seguential and random throughput) across a population of disk drives. 

28 improves storage capacity and yield and reduces test time. 

29 
30 

31 Brief Description of the Drawings 
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1 These and other features, aspects and advantages of the present 

2 invention will become understood with reference to the following description, 

3 appended claims and accompanying figures where: 

4 FIG. 1 A shows a n e xamp le part i a l sch e matic diagram of a disk drive with 

5 a n e xamp le data storage format accord i ng to th e pr e s e nt inv e ntion ; 

6 FIG. 1 B shows another oxamp l o sch e mat i c of d rivet fre disk drive of F I G. 

7 1 A i l l ustrating d i sk dr i v e electronics for the disk drive ; 

8 FIG. 1 C shows a -servo tracks and data tracks on a disk n examp le surface 

9 format for data storago according to th e present inv e ntion ; 

10 FIG. 1 D shows a n e xamp le diagram r e pr e s e nting th e g e n e ral zone 

1 1 format tavoyt inof thea disk drive with N disks A and-2N heads 7 and depicting 

12 different heads in a s e ction of a zone on different disk surfaces; 

13 FIG. 1 E shows another example of capacity zone format tevoat on a disk 

14 surface a disk ; 

15 FIG. 1 F shows oxamplo of a sorios of radial zones on a disk surface that T 

16 wherein each zono includes multiple v irtual cylinders; 

17 FIG. 1 G shows a n oxamplo roprosontativo data track format l avout for the 

18 o ach of s o v o ra l virtual cylinders in a zone on different disk surfaces with 

19 corresponding heads; 

20 FIG. 1 H shows a_ nothor examp l e servo track and data track format taveut 

21 for a zone on different disk surfaces with corresponding heads in which , wherein 

22 the number of servo tracks and data tracks in different virtual cylinders of a zone 

23 on different disk surfaces are the same; 

24 FIG. 1 1 shows another oxamp l o layout wheroin th e servo and data track 

25 format laveut that varies from zone to zone on a disk surface; 

26 FIG. 2A shows a n e xample function and flow /functiona l diagram foref 

27 ombodimont of stops of generating the format tavoyt of FIG. 41-1 A according to 

28 the present i nvention ; 

29 FIG. 2B shows a graph of playback error measurement for a head at a 

30 zone at different recording frequencies; 

31 FIG. 2C shows an example joint BP I distribution plot; 



7 



Docket Q01-1006-US1 



1 FIG. 2CO shows a n e xampl e histogram of the frequency capabilities of the 

2 heads in a set of disk drives at a zone at a fixed target error rate; 

3 FIG. 2D shows a joint BPI distribution; 

4 FIG. 3 shows a n e xamp l e flowchart of an e mbod i m e nt of st e ps of 

5 v ertical ariab lo zoning data collection proc e ss inof FIG. 2A; 

6 FIG. 4 shows a n oxamplo flowchart of an ombodimont of stops of vertical 

7 zoning post moasuromont processing and per zone joint BPI distribution 

8 extraction process inof FIG. 2A; 

9 FIG. 5 shows a n oxampl e flowchart of head an o mbodimont of steps of 

10 vortica l zono . assignments in _procoss of FIG. 2A; and 

n FIG. 6 shows a n exampl e flowchart of an ombodim o nt of stops of format 

12 generation and optimization interaction process of ln_FIG. 2A. 

13 

14 Detailed Description of the Invention 

15 Data storage devices used to store data for computer systems include, for 



16 example, hard disk drives, floppy disl«Jrives, tape drives, optical and magneto- 

17 optical drives T and compact disk-drives. Although the present invention is 

18 illustrated by way of a_n ex e mplary magnotic hard disk drive-4£0, the present 

19 invention can be used in other data storage devices and other storage media-afi4 

20 dr i v e s , including non-magnetic storage media, js_as apparent to thoseene of 

21 ordinary skill in the art and without deviating from the scope of the present 

22 invention. 

23 

24 R e f e rr i ng to FIGs. 1A-1C show T a n e x e mp l ary hard disk drive 100 is 

25 diagrammatically depicted for storing user data and/or operating instructions for a 

26 host computer syst e m 54. The hard disk drive 1 00 includes comprisos an electro- 

27 mechanical head-disk assembly 1 0 that shown in F I G. 1 A as includesmg one or 

28 more rotating data storage disks 12 mounted in a stacked, spaced-apart 

29 relationship upon a rotating spindle 13 . Tho spindlo 13 is rotated by a spindle 

30 motor 14 at a predetermined angular velocity. 

31 
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1 Each disk 1 2 indudesdefines at least one diskmedia surface 23, and 

2 usually two djskmedia surfaces 23 on opposing sides of each disk 12 . Each 

3 diskmedia surface 23 has associated is coated i s coated with magnetic or oth e r 

4 media for recording data. The spindle dfive-motor 14 rotate tums the spindle 13 

5 i n ordor t o move the disks 12 past the magnetic transducer heads 16 suspended 

6 by the suspension arms 1 7 over each disk mod i a surface 23. Generally, each 

7 magnet i c head 1 6 is attached to athe suspension arm 1 7 by a head gimbal 

8 assembly (not shown) that enables the magnot i c head 1 6 to swivel to conform to 

9 athe - disk m e dia surface 23 o on tho d i sks 12 . The suspension arms 17 extend 

10 radially from a rotary voice coil motor 20 actuator (not shown) . The voice coil A n 

1 1 actuator motor 2054 rotates the suspension actuator and hoad arms 17 and 

12 thereby positions the magn e t i c heads 1 6 over the appropriate areas of the 

13 diskmedia surfaces 23 in order to locato and read from o r write data from or to 

14 the disk storago surfaces 23. - Because the disks 12 rotate at relatively high 

15 speed, the magnetic heads 1 6 ride over the dis k modia surfaces 23 on a cushion 

16 of air (air bearing). 

17 

18 -Each magn e tic head 16 includ compr i s es a read element (not shown) for 

19 reading magn e tic data from e n -a disk magnotic storag e m e dia surfaces 23 and a 

20 write element (not shown) for writing data to a disk on tho modia surfaces 23. 

21 Most preferably, the read element is a magneto-resistive or giant magneto- 

22 resistive sensor and although not hooossarilv. t he write element is inductive and 

23 has a n o l octrica l writetn§ width which is wider than a n o l ectrica l reading width of 

24 the read elemen t, wh i ch is preferab l y of magnotorooict i vo or giant 

25 magnotorosist i ve mat e rial . 

26 

27 E Rof e rr i ng to F I G. 1C, o ach disk mod i a surface 23 is divided into a 

28 p l ura l ity of concentric circular data t racks 30 that each have individually 

29 addressable data sectorp eftiofis 35 , such as s e ctors, in which user data is stored 

30 in the form of magnetic bits. The data sectors 35 are separated by narrow 

31 embedded nafFow-servo sectors or spokos 25 arranged in radially extending 
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1 servo spokes. The servo sectors 25 w h^hinclude a series of phase-coherent 

2 digital fields followed by a series of constant frequency servo bursts. The servo 

3 bursts are radially offset and circumfefrentially sequential, and are provided in 

4 sufficient numbers such that fractional amplitude read signals generated pick e d 

5 up-by the head 16 road e l ement from portions of at least two servo bursts passing 

6 under the head 16 road cl e m e nt enable the controller 57 to determine and 

7 maintain proper bead-position of the head 1 6 relative to a data track 30. AQ&e 

8 example of a servo burst pattern for use with a head that includes an inductiv e 

9 writ e ele m e nt a_/magneto-resistive read element and an inductive write element 

10 h e ad 16 is describe provid ed by commonly assigned U.S. Patent No. 5,587,850 7 
n entitledv "Data Track Pattern Including Embedded Servo Sectors for Magneto- 

12 Resistive Read/Inductive Write Head Structure for a Disk Drive'V which is 

13 incorporated herein by reference. 

14 

15 The drive-controller 57 controls op e rat i on of the pa i rs of magn e t i c heads 

16 16 and m e dia surfac e s 23 to read from and write data on to the e ach disk m e dia 
n surfaces 23. The drive-controller 57 preferably is compr i s e s an application 

18 specific integrated circuits chip (ASIC) o hip-which is connected by a printed 

19 circuit board 50 to_wito-other ASICs bips. such as a read/write channel sbip-51 , a 

20 motors driver ehip-53 T and a cache buffer ekip-55 , into an electronic circuit as 

21 shown in FIG. 1B . The controller 57 preferably includes an interface 59 which 

22 connects to the host computer 54 via a known bus structur e 52 7 such as an ATA 

23 or SCSI bus. 

24 

25 The controller 57 executes embedded or system software 

26 includ compris ing programming code that monitors and operates the disk drive 

27 IQO control le r system and driver 100 . During a read or write data rotrioval 

28 operation, the host computer syst e m 54 determines^ the "address- where the 

29 data is located ion the disk drive 100 . The address specifies the . i.e., magnetic 

30 head 16 numb e r , the data t rack 30- and the data secto r r e l e vant portion(s) 35-of 

31 tho track 30 . This data is transferred to the drive-controller 57 which maps the 
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1 address to the physical location in the disk drive 100 . and in response to reading 

2 the servo information in the servo sectors 25, operates the voice coil a stuatef 

3 motor 2054 and suspens i on arm 17 to position thea magnetic head 1 6 over the 

4 corresponding data track 30. As the disk m e dia surface 23 rotates, the magnet i c 

5 head 16 reads the servo information embedded in each servo sectors peke 25 

6 and also reads an address of each data secto r port i on 35 in the data track 30. 

7 

8 During a read operation, wWhen the identified data secto r portion 35 

9 appears under the magn e tic head 16, the entire contents of the data 

10 secto r port i on 35 containing the desired data isafe read. In reading data from the 

1 1 disk m e d i a surface 23, the head 16 r e ad e l e m e nt (not shown) senses a variation 

12 in an electrical current flowing through a magn e tor o s i stiv o sonsor of the read 

13 element (not shown) when it passes over an area of flux reversals on the disk 

14 surface 23 of th e m e dia . The flux reversals are transformed into recovered data 

15 by the read/write channel Ghip-51 in accordance with a channel algorithm such as 

16 partial response, maximum likelihood (PRML). The recovered data is then read 

17 into the cache buffe r momorv chip 55 of tho disk driv e 100 from w herenee it is 

18 transferred to the host computer system 54. The read/write channel 51 most 

19 preferably includes a quality monitor function w hich enabl e s measures m e nt of 

20 the quality of recovered data and thereby provides an indication of the data error 

21 rate. One channel implementation which employs channel error metrics is 

22 described in commonly assigned U.S. Patent No. T 5,521 ,945 to Knudson, 

23 entitled^ -"Reduced Complexity EPR4 Post-Processor for Sampled Data 

24 Detection" which is 7 incorporated herein by reference. The present invention! 

25 uses the indication of recovered data error to i s us e d in ord e r to select linear 

26 bitdata density, track density and/or error correction code lovo ls , in accordance 

27 with pr i ncipl e s of th e pr e s e nt inv e ntion, as mor e fu ll y e xp l ain e d her e inbe l ow . 

28 

29 Wr i ting or storing data on tho media surfac e 23 i s tho rovorse of tho 

30 process for reading data. During a write operation, the host computer system 54 

31 remembers the addresses for each file on the disk m e d i a surface 23 and which 
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1 data sectore ortiofts 35 are available for new data. The drive-controller 57 

2 operates the voice coil actuator motor 2054 in response to the servo information 

3 read back from the emb e dd e d servo sectors 25 in order to position the head 16a 

4 magnetic Hoadl , settles the head 16 into a writing position, and waits for the 

5 appropriate data secto r port i ons 35 to rotate under the head 1 6 to p e rform th e 

6 actual writefR§ theef data. To write data on the disk modia surface 23, an 

7 electrical current is passed through a write coil in the inductive write element (net 

8 shown) of the head 16 to create a magnetic field across a magnetic gap in a pair 

9 of write poles that magnetizes the magnetic storage modia coating th e disk m o dia 

10 surface 23 under the head 16. When the data track 30 is full, the d-rive-controller 

1 1 57 moves the magn e tic head 1 6 to the next available data track 30 with sufficient 

12 contiguous space for writing ef-data. .If still more track capacity is required, 

13 another head 1 6 is used to write data to a data secto r portion 35 of another data 

14 track 30 on another disk modia surface 23. 

15 

16 T in ono aspoct, t he present invention increases the data-storage capacity 

17 and yield of data storage devices , such as the disk drive 100, - having a plura l ity 

18 o ^magnetic media surfaces , such as the disk surfaces 23 , such as hard disk 

19 dr i vo 100 including disks 12 covered w i th magnet i c media . 

20 

21 V Ov e rv ie w of gonoral method v ertical Zzoning 

22 In every disk drive, there is a distribution associated with the head and 

23 disk surface / media-pair performance in that d i sk drivo . -The present invention 

24 takes advantage of that distribution to determine different linear bit density (BPO 

25 recording frequency assignments for the heads, and optionally track allocation. 

26 

27 A According to on e ombodimont of the pr e sont i nvention, a _ set of disk 

28 drives is selected, and head performance measurements are taken for each 

29 selected disk m e dia surface location in the disk drives at different frequencies. 

30 
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1 Empirical frequency capability histograms are extracted at a given known 

2 target performance metric from the measurement data. Head performance 

3 distributions Probab i l i ty cumu l ativo distribution funct i ons (such as joint BP[ 

4 probabil i ty distributions) are estimated from the histograms and fed into a format 

5 optimizer to obtain and design (vertically zoned) frequency format profiles 0^ 

6 across the stroke and the disk media surface zonos) as well as the optimal 

7 number of head allocations to the frequencies, .Once the frequency format 

8 profiles and the optimal number of head allocations are dos i gnod and pr e- 

9 determined, during a test process, every head at every zone is assigned to one 

10 of the multip le pro dotorminod frequencies based on the head's performance 
n capab i lity . 

12 

13 As such, th e pr e s e nt invention a ll ows maintaining consist e nt p e rformanc e 

14 (s e qu e ntial/random throughput) across s e v e ra l of disk driv e s, without introduc i ng 

15 significant additional tost timo. This i s accomplished by determining h e ad 

16 p e rformanc e and design of format at devo l opment/dosign t i mo, and assignm e nt 
n of h e ads to d i ff e r e nt fr e qu e nci e s at manufacturing tim e . Ther e for e , th e 

18 prodotormin o d design of frequency format profi l es and (opt i mal) number of hoad 

19 a ll ocations ar e p e rform e d off l in e wh ile th e assignm e nt of h e ads to diff e r e nt 

20 fr o qu o nci o s is perform e d during th e t e st process such as during manufactur i ng. 

21 

22 Un li k e conv e ntional m e thods, in th e pres e nt inv e ntion h e ad a l locat i on and 

23 ass i gnm e nt is p e r hoad per zone, tak i ng into considerat i on head p e rformanc e 

24 var i ation across zon e s (i. e . across th e strok e ). As such, dur i ng h e ad fr e qu e ncy 

25 assignm e nt, if a first hoad performs we ll at ID but poorly at OD, and a second 

26 hoad has tho opposit e p e rformance, tho p o rformanco variation botwoon tho 

27 h e ads i s trad e d off such that tho first h o ad i s assigned to h i gh density (fr e qu e ncy) 

28 at ID and at l ow density at OD, and tho socond hoad i s assigned to low dens i ty at 

29 ID and high d e nsity at OD. I n a mothod of por zone var i ab l e bits por inch (BPI or 

30 l inoar density) for i mproving capac i ty according to the prosont i nvontion, s e veral 

31 manufacturing and custom e r constraints aro takon into considerat i on. And, 

13 



Docket Q01-1006-US1 



1 performance of e ach hoad across tho stroke, as wol l performance variation from 

2 one hoad to another, is uti li zed in des i gning tho density format and ass i gnments 

3 of hoads to tho dens i ty formats. 

4 

5 Referring back to FIG. 1 A shows T a storage format for the disk drive 

6 100. Each disk surface 23 includes zones 60 that extend from one radius of the 

7 disk 12 to another radius of the disk 12, and the format of the zones 60 on each 

8 disk surface 23 is the same. The n o xamplo of density l ayout accord i ng to an 

9 e mbodiment of tho pr e sent i nvent i on is shown. I n one aspect, the pr e s e nt 

10 i nvention provides a variable BPI storage format is layout as a function of the 
n zones 60 on each disk surface 23 based on e.g. two data recording formats^ 

12 (i.e., l ow high data density and high -low data density - 4-that usetilizef (1 ) head 

13 performance variation from one head 16 to the next head 16 in the disk drive 

14 100, and (2) the performance (variation) of a given head 1 6 across the stroke offt 

15 a disk surface 23. Furth e r, th e pr e s e nt inv e ntion prov i d e s a m e thod of 

16 generating said l ayout. 

17 
18 

19 I n this example, e ach zone comprises a group of tracks l aid out in zon e s 

20 60 between one rad i us and anoth e r radius on th e d i sk surfaco 23, wherein th e 

21 zon e layout for th e mu l tip le disk surfaces i n e ach d i sk driv e 1 00 are the sam e . 

22 TheA disk drive 100 includes the N-disks 12 depicted as ( dQisks 1 

23 to hrough QiskN , the heads 16 depicted as heads 1 to 2N. and the disk surfaces 

24 23 depicted as disk surfaces 1 to 2N. E) r-each disk 12 includes fraving two 

25 opposing disk surfaces 23, and each head 16 is associated with one of the disk 

26 surfaces 23 a Surfacol and opposing Surfac e . For instance, head 1 is 

27 associated with disk surface 1 of disk 1, head 2 is associated with disk surface 2 

28 of disk 1 . head 3 is associated with disk surface 3 of disk 2, and head 2N is 

29 associated with disk surface 2N of disk N. 

30 
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1 E 2, wh e r e in each disk surface 23 includes the zones 60 depicted as has 

2 M zon e s (zZones_1 t hroug ob ZeBeM) across its tho actuator stroke, with^an4 

3 ono hoad por disk surface. For each disk surfaco, zZoneJl is -at the m -\ D and z- 

4 Zone_M ifr -at the I fhOD. T , whoroin t he radial boundaries onf zZone_1 of disk 

5 sSurface.1 of dOiskJ are the same as the radial boundaries of zZone_1 onf disk 

6 sSurface.2 of dDiskJ A and so on. Similarly, the radial boundaries of zZoneJVI on 

7 disk s Surface 1 of dOisk.1 are the same as the radial boundaries of zZone.M on 

8 disk sS urface 2 of dOisk 1 , and so on. However, different zones 60 across the 

9 stroke on each disk surface 23 need not necessarily have the same number of 

10 data tracks 30 or TPI (o.g., Zonol and Zon o M on tho samo surface do not 

n n e c e ssarily hav e the sam e numb e r of tracks) . For example. zZone 1 on disk 

12 sSurface J of dDiskJ (i. e ., H e adl) has the same number of data tracks 30 and 

13 the same radial phvsical zon e boundaries as zZoneJ on disk s Surface 1 of dOisk 

14 N (Hoad 2xN) , eter-aAndj zZone.M on disk sS urface 1 of dOisk_1 (Hoadl) has 

15 the same number of data tracks 30 and the same radial phvsical zon e 

16 boundariesy as zZone.M on disk s Surface 1 of dOisk_N (Hoad2N) . ^However, the 
n number of data tracks 30 in zZonesJ and Zon eM can be different. 

18 

19 Each disk surface 23 also includes virtual cylinders 39 depicted as virtual 

20 cylinders 1 to n. Each zone 60 includes multiple virtual cylinders 39, and each 

21 virtual cylinder 39 includes multiple data tracks 30 on each disk surface 23. - The 

22 phy s i c a l zono boundaries vertica l ly a l ign on the disks in each disk driv o , forming 

23 virtual cylinders 39 (VC). In this oxamplo, thoro aro n v i rtual cyl i nders 39, VC1 

24 through VCn. Further wW ithin a virtual cylinderJ39, different heads 16 may read 

25 and / write at different frequencies (er€hi-variable BPI) to provide , honco tho 

26 conc e pt of vertical zoning. 

27 

28 Th e l e ve l of track density (TP I ) can b e one of fixod numbor of preselected 

29 l ov e ls or can b e d e r i v e d from an algor i thm that is based on th e l ocation of a 

30 port i on 35 of th e media surface 23. Embeddod sorvo s e ctors 25 aro initial l y 

31 wr i tt e n on a m e dia surfac e 23 during a factory s e rvo - writing proc e ss at a s e rvo 
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1 track density that can b e high e r than the data track density, as ill ustrat e d in F I G. 

2 1 C. Servo bursts w i thin e ach servo sector 25 are provided i n such number and 

3 p l acement to enabl e accurat e pos i tion i ng of the magnotic hoad 16 in a full range 

4 of positions across th e m e dia surfac e 23, g i v e n th e part i cular e ff e ct i v e width and 

5 charact e ristics of the road e l ement of a particular h e ad (tho road olomont width 

6 typica l ly being narrow e r th e n th e wr i ter carry out th e h e ad pos i tion i ng method, 

7 information i n tho embedded sorvo s e ctor 25 is r e ad by th e magnotic h o ad 16 

8 and passed to th e dr i ve controller 57 which dirocts tho actuator motor 20 to 

9 readjust the position th o susp e nsion arm 16. I n tho examp l e shown in FIG. 1C 

10 shows r the data tracks 30 and the servo tracks 37 on the disk surface 23. The 
n data tracks 30 include the data sectors 35, and the servo tracks 37 include the 

12 servo sectors 25. tho sorvo track density is about 150% of tho maximum 

13 poss i bl e data track density. F in F I G. 1c f ive servo tracks 37 depicted as servo 

14 tracks (e.g., Sa, Sb, Sc, Sd and Se) are shown in relation to three data tracks 30 

15 depicted as data tracks Tk1 , Tk2 and Tk3. 

16 

n The servo tracks 37 are written on the disk surface 23 during 

18 manufacturing at a servo track density that is about 150% of the maximum data 

19 track density. -The sS ervo track density is determined by d e t e rmin i ng t he 

20 max imumT read width and the min imunriT write width of a population of 

21 the magn e t i c heads 1 6. After writing the servo tracks 37 w e dg e s 25 at the servo 

22 track pitch, the actual data tracks 30 can be written at any disJ^radial position 

23 between the servo tracks 37. The data track density (TPI) can be selected from 

24 predetermined levels or can be based on the location of a data sector 35. 

25 Additional tests T can be performed to determine the optimum data track density 

26 of the disk m e dia surface 23. Each servo track 37 comprises radially similarly 

27 situated s e rvo informat i on in servo sectorw edges 25 in the servo spokes. For 

28 example, ( e .g., the s e t of servo track informat i on Se contains servo sectors 25 at 

29 essentially the same radial distance from the cKsk-center of the disk 12, the servo 

30 track Sd contains servo sectors 25 at essentially the same radial distance from 

31 the center of the disk 12, f orm a sorvo track circumforrontial l v. set of sorvo 
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1 i nformation So at ess e ntial l y samo radial d i stanoo from tho disk contorform 

2 anothor sorvo track circumforront i a l ly, etc.) 

3 

4 FIGs. 1 D to 1 1 show vertical zone formats in which different heads 16 on 

5 different disk surfaces 23 may read/write at different linear frequencies (variable 

6 BPI) on the data tracks 30 within a virtual cylinder 39. 

7 

8 FIG. 1 D shows a n oxamplo diagram r o pr o sonting th o qonora l zone- 60 

9 format tavoyt of the a-disk drive 10Q T w ith N disks 12.and 2N heads 16 T and 

10 d e picting different heads 16jn a soction zZoneJ on different disks 12. FIG. 1 E 

1 1 shows another e xamp le of capacity zone 60 formatte yout on the disk surface 23 a 

12 surfaco a disk . FIG. 1F shows each o xamplo of a sorios of rad i a l zone s 60 on 

13 the disk surface 23 . Zonol through ZonoM. on a disk surface, wh e rein each 

14 zono includes multiple virtual cylinders 39. Zone 1 includes virtual cylinders 1 to 
is i, and zone M includes virtual cylinders 1 to i. The radial boundaries of the zones 
16 60 are shown as dark circles, and the radial boundaries of the virtual cylinders 39 
n are shown as light circles. FIG. 1 G shows a n e xampl e r e pr e s e ntativ e data track 

18 30 format lavout for the e ach of s e v e ral virtual cylinders 39jn a zone 60 ( e .g., 

19 Zon e l), on different disk surfaces 23 with corresponding heads 16. .-FIG. 1 H 

20 shows a data track 30 and noth e r examp le servo track 37 format and data track 

21 35 layout for a zone 60 on different disk surfaces 23 with corresponding heads 

22 16 in which . whoroin the number of data tracks 30 and servo tracks 37 and data 

23 tracks in different virtual cylinders 39 of a zone 60 (o.g., Zonol) on different disk 

24 surfaces 23 isafe the same. And, FIG. 1 1 shows a data track 30 and sen/0 track 

25 37 format for zones 60 on the disk surface 23 with a corresponding head 16 in 

26 which another e xample layout whoroin tho sorvo and the data track 30 and servo 

27 track 37 format lavout varies from zone -zone 1 to zone M 60 on a disk surfac e 23 . 

28 I n al l of th e abov e e xampl e s of v e rtica l zoning layout according to th e pr e s e nt 

29 invent i on, within a virtual cy li nd e r 39, diff e rent h e ads on diff e rent surfac e s may 

30 r o ad/writ o at differ e nt lin e ar fr o quoncios on tho data tracks (e.g., variable BPI). 

31 
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1 Ov e rv ie w of Format Optimization 

2 The I n ono embodiment, a vertical zoning m e thod according to tho pres e nt 

3 invent i on includes designings/optimizing and ( selecting) fef-two or more 

4 recording frequency profiles (i^per zone) for a sample number of disk drives 

5 (o.g., porformod off-line during the disk drive development/design phase). Then A 

6 for a population of disk drives, in each disk drive, each head is assigned to one of 

7 the predetermined frequencies for a given zone (o.g., during the disk drive 

8 manufacturing phase). A Th e assignm e nt st e p i nclud e s assigning a 

9 predetermined read/write frequency (BPI) is assigned to each head based on a 

10 known number of head allocations and the head's performance capabil i ty . A 

n head assigned to a highef frequency /density (HD) records more bits on a track, 

12 and a head assigned to a lowef frequenc y/density (LD) records less bits on a 

13 track. 

14 

15 Performance testing of the head and disk surface pairs occurs after full 

16 read/write and servo calibration and optimization of the disk drive. I R e ferring to 
n th e e xamp le in FIG. 1A, i f the tested performance of hHeadJ at zZoneJ on disk 

18 sSurfaceJ of ^Disk.1 at a given frequency (after full drive road/write and s e rvo 

19 ca li brat i on/optimization) is better than a d e sired target performance metric, then 

20 that (strong) head, hHead_1 T is considered strong since it is capable of te-have 

21 somo margin for storing more information than itA/vas-originally accounted for. 

22 Thus, the designed recording frequency can be increased at zZone.1 on disk 

23 sSurfaceJ of dOiskJ for hHead_1 vet so as to e nsur e thefts performance does 

24 not fall below the d e sir e d target performance metric. If the tested performance of 

25 hJ4ead_2 at zZoneJ on disk sS urface 2 of dOisk.1 at theat same frequency (after 

26 fu ll dr i v e r e ad/writ e and s e rvo ca l ibrat i on/optimization), is worse than a d e s i r e d 

27 target performance metric, then that (weak) h e ad, H head 2 is considered weakv 

28 but can be compensated for by relaxing the frequency at which hHead.2 

29 operates , so as to ensure the target performance metric is met. Performing the 

30 above trade-off between the heads for all the z ones , w i thout loss of ov e ra ll 

31 capacity, . provides resulting frequency profiles (i^across the stroke) that are 
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1 compr i sing vertically zoned frequency format profiles without loss of overall 

2 storage capacity . 

3 

4 Advantageously. A s th e abov e e xampl e shows, by compensating for 

5 h w e ak H ead_2, rather than failing the disk drive due to the woak H head.2, the 

6 vertical zoning improves th e disk driv e yield. W i thout app li cation of v e rt i cal 

7 zoning such a d i sk drivo would not have passod tho tost l i mits, and honco wou l d 

8 havo fa i lod. .Furthermore, the format optimizer uses the head ost i matos of 

9 performance (^re-read/write frequency capability) cumu l at i v e distributions 

10 function at every zone and atarget performance metric T to design a group of 

1 1 read/write frequency format profiles for strong and weak and strong heads within 

12 a given disk drive. The format optimizer also determines the optimal number of T 

13 for e xamp le , strong versus w eak v e rsus strong heads. 

14 

is The format optimizer does not determine which specific head is actually at 

16 the high or lower or high e r frequency, but does O Frfv-provides a breakdown of the 

n number of heads at the high tewer frequency and the number of heads at the 

18 low high e r frequency. .Theat breakdown is fixed, performed off-line, and is-used 

19 during the head assignment proc e s s. Then A in the head assignmen t proc e s s 

20 (o.g., during ^manufacturing tes t proc e ss) , out of 2xN heads in a disk drive with 

21 N disks, the number of heads that hav e to b e assigned to each predetermined 

22 frequency /format is a l so pr edetermined ( e .g., numb e r h e ads to assign to l ow 

23 frequency and number of hoads to assign to high frequency) . 

24 

25 T As such, t he heads within a set of disk drives are allocated to the 

26 predetermined group of read/write frequencies as part of the optimization 

27 process to meet the storage capacity and yield requirements for the disk drives. 

28 The allocation process allocates a number of the heads in a disk drive to on o of 

29 the predetermined /dosign o d frequencies, however the specific assignment of a 

30 particular head to a particular frequency is performed later during as part of the 

31 assignment process th e r e aft e r . For J fhOfte-example, in a two2 read/write 
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1 frequency design (high frequency d ensitv-and low freauencv deftertv) for a set of 

2 disk drives-.each with eights heads, in each disk drive for zZone.1 on all the disk 

3 surfaces, any five S h e ads of the eights heads are allocated to the hiqh lower 

4 frequency and any threes he a ds of the eight s heads are allocated to the 

5 low high e r frequency i n tho a l locat i on procoss based on the performance 

6 measurements of aiJ-the heads in the set- of the disk drives. Thereafter, the 

7 specific assignment of each particular head to a particular predetermined 

8 frequency is performed as part of the ass i gnm e nt proc e ss . For example,- in a 

9 first disk drive hoads 1. 3. A aro assigned to the l ow fr e qu e ncy, and heads 2, 5, 6, 

10 7, 8 are assigned to the high frequency and heads 1 , 3. 4 are assigned to the low 

1 1 frequency , whereas in a second disk drive h o ads 2. 3. 8 aro ass i gned to th e low 

12 froquoncy, and heads 1 , 4, 5, 6, 7 are assigned to the high freguenc v and heads 

13 2, 3, 8 are assigned to the low freguencv. T . and so on. wherein t he specific 

14 head assignments depend on the specific capability of the heads in each disk 

15 drive. 

16 

n The optimal number of heads per frequency ( i . e ., h e ad a l location) is 

18 determined at the same time that the group of read/write frequencies are 

19 design e d/ selected by the format optimize^ by solving a joint constrained 

20 optimization problem. For example, in a jho 8 h e ad disk drive with eights heads 

21 and w i th abov e . for th e cas e of two fr o quoncios a.(high frequency (froql) and a 

22 low frequency (fr e q2)) that are each a different ratio of a reference freguencv- a^a 

23 ratio to a froquoncy froq , in each vertical zone, allocating two2 heads to the high 

24 freq uency ! and six a ll ocat i ng 6 heads to the low freq uency^ provides a specific 

25 fifst -storage disk driv e capacity. Changing thesaid freguencv ratio-of-tfre 

26 fr e qu e nci es and the number of heads allocated to each frequency 7 provides a 

27 different storage capacity for that disk dr i v e. Thus t A s such, t he disk drive 

28 storage capacity is a function of the number of heads multiplied by the frequency 

29 allocated to each head per zone._— For example, if a nominal disk surface data 

30 storage lovo l capacity -is 1 unit, and if the high freg uencv 4 = 4/3 x the reference 

31 freq uency and the low freq uencyg = 2/3 x the reference freq uency , then one 
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1 head can be at the high freq uency! for every one head at the low freq uency^ to 

2 maintain w her e by the average disk surface data storage capacity atis 1 unit. 

3 

4 The head performance distributions represent percentages of the heads in 

5 the disk drives than can operate at different freguencies. For example, the head 

6 performance distribution ias a BPI distribution that represents the head frequency 

7 capability at a target performance metric. - Using the head performance 

8 distributions (irerr-the head read/write frequency capability distributions at the 

9 target performance metric for every zone), the number of heads, the format of the 

10 virtual cylinders and thea desired storage capacity, the format optimizer 

1 1 determines the frequency for each virtual cylinder in each zone in e ach virtua l 

12 cy l inder and the number of heads in each disk drive allocated to each frequency T 

13 in ordor to achieve theat desired storage capacity. Thereafter, in the assignment 

14 process (e.g., as part of a-testing o^each disk drive), each spec i f i c head in a 

15 population of disk drives is assigned to one of the predetermined frequencies 

16 based on the allocation criteria and the specific head performance. For af* 

n example , in a A head disk drive with four4 heads , the format optimizer considers 

18 threes heads at the high freq uency! and one! head at the low f req uency^ , then 

19 two2 heads at the high freq uency! and two2 heads at the low freq uency^ , and 

20 then one! head at the high freg uencv! and three s heads at the low freq uency^ . 

21 Thus. And in each case, the format optimizer useslng the estimated head 

22 performance cumulat i ve distribution function s to_determines the disk driv o yi o ld. 

23 Th e head performance d i stributions (o.g., BP I distributions) roprosont 

24 p e rc e ntag e s of th e h e ads in th e disk driv e s than can op e rat e at d i ff e r e nt 

25 frequ e ncy d e ns i t ie s. This a l lows th e format optimiz e r to d e t e rmin e th e storage 

26 capacity and yield and capacitv . ln tho descr i ption of tho oxamplo embodim e nt 

27 h e r e in, head performance d i str i bution, such as a BP I d i stribution, roprosonts 

28 h oa d fr e qu e ncy capabi l ity (probabi li ty) cumu l ativ e d i stribut i on at a target 

29 performance motric. 

30 
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1 In one version of the optimization process, the disk driv e yield is 

2 maximized while meeting a constraint on storage capacity. In another version, 

3 the storage capacity is maximized while meeting a constraint on disk drivo yield. 

4 In the former case, the format optimizer uses a format where the maximum 

5 number of disk drives gualifv and the fewest number of disk drives fail to reach 

6 the reguired storage capacitv highorfroguoncv is frogl and tho l owor frequency is 

7 freq2. For In-the-example , in a A head disk drive with four4 heads and a nominal 

8 disk surface data storage capacitv of 1 unit , allocating two2 heads to the high 

9 freg uencv4 and two2 heads to the low f reg uency2 r provides a nominal data 

10 surface capacity of 1 unit, and storage capacity of 4 units for tho disk driv e. In 

n the later case, the format optimizer uses a format where the maximum number of 

12 disk drives reach the reguired storage capacity and the fewest number of disk 

13 drives fail to gualifv. For example, in a disk drive with four4 heads and a nominal 

14 disk surface data storagecapacity of 1 unit, allocating three 4f-3 heads afe 
is al l ocated to the high ttgfreFfreg uencv 4 and one4 head to the low th e l ow e r 

1 6 fr e gu e ncv freg uency2 providesy a h ighef data storage capac i ty of (i. e . 4 .66-af^ 

1 7 2/3) units is achi e ved for th e disk driv e. In that cas e , th e format optimiz e r l ow e rs 

18 th e zon e r e cord i ng fr e qu e nc ie s to m ee t that constra i nt of capac i ty of 1 unit p e r 

19 surface. As such, for 2 h e ads at fr e ql and 2 heads at freq2, th e format optim i z e r 

20 manipulat e s tho difference of thos e fr e qu e nc ie s such that surfac e capacity 

21 a l ways r o achos 1 un i t, but maxim i zes yiold whoroby a maximum number of d i sk 

22 dr i ves qualify and fowost number of disk drives fa il to roach required capac i ty. 

23 
24 

25 Thus, A s such, accord i ng to ono ombodimont of the pres e nt inv e ntion, a 

26 the vertical zoning approach for variable BPI d e sign includes us e of an off-line 

27 predetermined per zone format design of formats based on disk drive data 

28 collection and head performance (jo i nt) BP I distribution extraction m e thods . -In 

29 one version, a fixed predetermined zone boundary formatt ayeut is used to design 

30 multiple frequency BPI formats based on representative or actual joint BPI 

31 distributions at one or more desired target performance metrics (such as off-track 
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1 symbol error rate) and , whoroin the joint BP! distributions are extracted from a 

2 finite pre-selected set of disk drives. 

3 

4 The collected data is used to extract thesaid joint BPI distributions for the 

5 heads at every (pre-selected) zone, and the per zone design of lew/high and low 

6 data density formats for the heads is performed off-line. The format optimizer 

7 solves a constrained joint optimization proc e ss off-line to obtain thesate format 

8 designs T using well-known constrained optimization routines. Using joint BPI 

9 distributions allows consideration of potential correlation of BPI capability of the 

10 heads across the stroke as well as the individual contribution of each head to the 
n storage ovorall driv e capacity (or aroa l d e ns i ty) and yield. 

12 

13 The off-line format design of formats allows the format optimizer to 

14 conside ration of other pot e ntial constra i nts that may aris e , as additional 
is constraints within tho optim i zor, and h e nc e solv e d by tho opt i mizor . For 

16 example, as more information is obtained in quantifying the thermal stability 

n constraints of the disks r e cording m e dia (which in turn places an upper bound 

18 onef linear bit density for the heads) the off-line format design does provid e s th e 

19 ab ili ty of not exceedmg theose constrain timits. Likewise, il f there are data rate 

20 constraint limitat i on s in either the write process capabi l ity or the ASICs 

21 component capabil i ty , such constraints may be cast within the joint constrained 

22 format optimizer to ensure thesaid constrainti mits are not exceeded. 

23 

24 Data Ove rvi e w of Measurement Proc e ss 

25 Al n ono imp l om e ntation of tho mothod of tho prosont invent i on, a 

26 measurement procedure is used to collect data T from which such that after 

27 processing of tho collected data, one-dimensional (1-D), two^imensional (2-D) 

28 and as wo ll as three-dimensional (3-D) joif^BPI (probab il ity) distributions at a 

29 desired read/write target error rate (or any other choico of metric) can be 

30 extracted. -Data is collected based on head capability measurements taken at 

31 different radial positions onof the disk. Tho collected data is usod to extract 1 D, 
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1 2 D and 3 D ompir i cal distributions at a target choice of performance motric. The 

2 d i mons i ons ar e dim e nsions of tho d i str i but i ons, and th e distributions represent 

3 the capability of each head at different radial positions. For example, several 

4 disk drives which collectively include 1000 heads are selected for measurements 

5 and . I n a m o asuromont process, record/playback error rate measurements of 

6 the 1000 heads from zZoneJ to zZone_24 of the disk surfaces at different 

7 frequencies are obtained. Thereafter, in post-measurement data processings (a) 

8 the BPI capability of eachvefy head at a fixed target performance metric at 

9 zZoneJ is determined in ordor to obtain a 1-D BPI distribution, (b) the BPI 

10 capability of eachthe head at a fixed target performance metric at erg^-zZonesJ 
n and zZono. 5 is determined in ordor to obtain a 2-D BPI jemtdistribution, and (c) 

12 the BPI capability of each the head at a fixed target performance metric at 

13 zZones_1 , zZone_5 and zZono_20 is determined i n ordor t o obtain a 3-D BPI joint 

14 distribution. 

15 

16 The BPI distributions are then passed usod as input to the format optimizer 

n to solve three constrained optimization problems to provide head frequency per 

18 zone allocations . The three constrained optimization problems , wh e r e in: (1 ) ene 

19 prob le m maximizes the disk dr i v e yield while preserving the sam e storage dfive 

20 capacity, (2) anoth e r maximizes the storage disk driv e capacity while preserving 

21 the sam e driv e yield-af^4, and (3) another maximizes the disk dr i v e yield while 

22 ensuring a d e si re d target storage dfive-ca parity is met at a fixed target track - p er 

23 inch ( TPI). C Additiona ll y, c ustomer related or application spocific i ntegrated 

24 circu i t ( ASIC) data rate ( l imitat i on) constraints are also consider utifeed. -The 

25 format optimizer can is capab le of solveme any ene-of these abov e- m e ntion e d 

26 three problems, and w h e rein one problem can take priority over another 

27 depending on the process phase. .For example, at an earliver development 

28 phase of a program w here the disk drive components are not matured-yet, 

29 meeting the storage d five-capacity may be a challenge. Jn that phase case. the 

30 format optimizer can b e used to d esign the variable BPI format profiles by solving 

31 the second problem-above. Then, aA s the disk drive components mature,. ag4 



24 



Docket Q01-1006-US1 

1 such that meeting the storage dfive capacity becomes easier and meeting the 

2 dr i ve yield becomes more important, the first problem may be solved cons i dorod 

3 inst e ad .. Thereafter, as part of a test process, an assignment algorithm is usod to 

4 ensures the appropriate head assignments to the predetermined high and / low 

5 data density (pr e- sp e oifi e d) formats per head and per zone or across the bead 

6 strokesr based on the head allocation breakdown of the format optimizer. 

7 

8 The v Disk dr i ve y ield is improved while meeting the dosirod target storage 

9 drive-capacity by allowing a frequency format la yout w ith (e.g., high and low 

10 frequenc ies and v) w i th a predetermined number of high and low performing 
n head allocations. JJstttizing realistic constraints such as ASIC data rate 

12 limitations, the same fixed target TPI is maintained by increasing the average 

13 target BPI across the hoad stroke on a disk surface to achieve the target desir e d 

14 d i sk dr i vo data storage capacity. As such, head performance variation from one 

15 head to the next head in the disk drive (and for across the head stroko across the 

16 stroke of thea disk surface) is ustifeed to a l low increasemg the storage capacity 
n ar e a l density of th e stor e d informat i on w hile preserving the sam e ov e ra l l d i sk 

18 driv e yield. For Ifhone-example. the a vertical zoning formati avout use m e thod 

19 according to th e pr e s e nt i nv e ntion utiliz es several design constraints to improve 

20 th o dr i vo yield using ^variable high and low/frigfr BPI design with a fixed 

21 predetermined number of head allocations as a function of the zones while 

22 meeting the target storage capacity at a fixed target TPI. The h Head 

23 performance variation or correlation across the stroke is also ustifeed. 

24 

25 Further, th e m e thod of pr e s e nt i nvention tak e s i nto consid e rat i on the 

26 difference in data storage storag e capac i ty of two or mores zones on a disk 

27 surface is consideredv as it affects storage ovorall disk drivo capacity. The 

28 storage d i sk drivo capacity is defined as a weighted combination of the zone 

29 capacities across the stroke on each disk surface in the disk drive . A correlation 

30 in the head performance statistics is extracted from one head to another head, 
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1 and for every given-head considered in a set of disks drives across the bead 

2 stroke on each disk surface. 

3 

4 The joint constrained optimization proc e ss determines a per zone target 

5 high and low low/h i gh data density format/layout. The optimization process t akes 

6 into account constraints including customer related requirements such as the 

7 r o qu i romont of a minimum logical block count (LBA) , monotonic data rate, and 

8 maximum data rate roquiromonts at the outer zone ar e a s which can be 

9 formulated into (additional) constraints. Hoad al l ocation and ass i gnmont 

10 according to tho pr e s e nt invention improves manufactur i ng yi e ld and prov i des a 
n d i sk drive with minimal performance degradation (i.o., sequentia l or random 

12 throughput as w e ll as test proc e ss t i m e ). 

13 

14 Example Implementation 

15 FIG. 2A shows a n e xamp le function and flow diagram of an examp l e 

16 i mpl o m o ntation of tho abov e d e scribed method according to th o pr o sont 

17 i nv e ntion for generating the optimal data density format/layout shown by e xample 

18 in FIG. 1 A. -The function and flow diagram oxamp l o mothod in F I G. 2A includesr 

19 a data co lle ction/ measure rm e nt process (block) 62, a post-measurement data 

20 post m e asur e ment processor (block) 64, aformat optimizer process (b l ock) 66 

21 and a- format generator proc e ss and hoad assignmont process (block) 68 7 

22 example embod i ments of wh i ch aro doscribed b e low . 

23 

24 Data Colloction/ Measure rmont process 



25 The data measurer 62 takes data measurements for every zone at a finite 

26 number of freguencv samples. 

27 

28 T in ono ombodimont, t he data measure rmont block 62 implements a 

29 measurement procedure that includesmg the steps of: 

30 (1}t Createmg several different predetermined linear bit density format 

31 profiles includ compris ing a profile of different frequencies per zone across the 
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1 actuator stroke, such as e^a first profile including high frequency fr eq41 for 

2 zZoneJ , high frequency fr eg42 for zte^Zone 2^ high freq uency 4 M for 

3 zZoneJVU and a_second profile including low freg uencv£ 1 for zZone.1 , low 

4 freg uencv 2 2 for- zZone 2 7 low freg uencv2 M for zZone_M , etc., to be loaded 

5 on a representative number of disk drives selected for the measurement process 

6 (or if possible on all ef-the available disk k uitt-drives for that build); 



7 (2>- -Loadmg a frequency format profile; 

8 (3> _Performm§ read/write and servo optimization and calibration; 

9 (4> _Takem§ head performance measurements including o.g. ( off-track) 

10 mean square error (MSE) or quality metric (QMfand/or symbol error rate (SER) 
n m e asur e m e nts at pre-selected frequencies for preferably all available zones 7 and 

12 savem§ the data; and 

13 (5>- -Repeating steps 2-4 abovo for aW-the remaining frequency format 

14 profiles. 

15 

16 The above steps are performed for the selected disk drives in the 

17 measurement process. 

18 

19 Thus, in the disk drive 100, A s such density is soloctod and the data is 



20 recorded on a data sector 35 peftioft of the disk modia surface 23 at the selected 

21 data density by positioning the a magnet i c head 16 abutting the data sector 

22 portion 35 of th e disk m e dia surfac e 23, and sending the appropriate write signals 

23 to the wr i to olomont (not shown) of the magn e tic head 16. Typically, a sample of 

24 data is recorded on the disk surface 23 such that a significant number of errors 

25 are detected ( such as e ^-ten 40-errors per error rate measurement^ is 

26 r e corded on th e disk m e dia surfac e 23 to obtain a statistically representative 

27 sampling of the error rate for the data sector portion 35 of th e disk m e d i a surfac e 

28 23. .Thereafter, the recorded data is read by the road o l omont (not shown) of th e 

29 magn e tic head 1 6 T and th e data r e ad is stored by the host computer system 54 

30 for evaluation. An error rate of the recorded data is measured or compiled by 

31 comparing the actua l w ritten data with the read data, elementrbyz-element. The 

27 
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1 Suitabl e methods of d e t e rm i ning th o o rror rate can be determined using a m stude 

2 actua l bit error measurement in which a bit of data read from the disk m e d i a 

3 surface 23 is compared with the correct bit, aef bit steam measurement in which 

4 a bit stream of data read from the disk surface 23 a corr e ct b i t str e am in is 

5 compared with a correct bit stream, or a m e asur e d b i t str e am. An a l t e rnativ e 

6 m e thod uses the mean square error metric measurement m e thod in which a 

7 waveform read from the disk modia surface 23 is compared with an ideal 

8 waveform to provide an error signal that is squared and summed to form the 

9 error metric. 

10 

n In this description, a component distribution is defined aste-be a (random) 

12 variation (irerr-tolerance) of a pre-specified (target) nominal component 

13 parameter such as a head write/read width, and a _the term distribution is defined 

14 as atbe probability distribution function (PDF) . During the early product 

15 developmen t process , when the head performance distributions are wide and 

16 unreliable, data from a matured set of disk drives is used for extracting reference 

17 (joint) BPI distributions at a target performance metric such as on-track symbol 

18 error rate, off-track symbol error rate, on-track mean square error (o.g.. off/on 

19 track orror rat o or off-track mean square error). Late r in tho proc o ss , when the 

20 amount of head performance variations from one phase to the next in the 

21 distribution is expected to be minimal, new sets of measurement data are 

22 collected using a selected plura l ity/ population of disk drives at their more 

23 matured stages. 

24 

25 Thus, a number of BPI formats including the nominal target format are 

26 selected. .Then, on-track or off-o^en-track symbol error rate or mean square 

27 error MSE-measurements are taken at different pre-selected locations of the disk 

28 surfaces, such as the SrCt^-outer. middle and inner zone s. The performance 

29 measurements can be limited to aro tak o n (in ono oxamp l o scenario descr i b e d 

30 furthor bolow, tho choico is limit e d to t hese said three zones T to reduce the 

31 measurement time for p e rform i ng measurement) . However preferably the 
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1 performance measurements over multiple zones can b e p e rform e d and other 

2 measurements such as off-track moasur o monts (o.g., 747 m e asur e ments) can 

3 be performed also bo tak e n . The nominal formats are generated from the data. 

4 

5 Two or more different linear bit density format profiles can be loaded at a 

6 time. In one example, two variable BPI format per zone design (tew/high and low 

7 data density format profiles) can be created for the purpos e of measurement data 

8 collection during every build. In this way, more statistical data can be collected 

9 from more disk drives, however T there will be only two frequency samples per 

10 zone available for data-post-measurement data p rocessing, 
n 

12 P Raw Data p ost-Mmeasurement Data P-processor 

13 P in tho abovo stops, m o asur o monts (o.g. oithor MSE or SER) for ovory 

14 zono ar e tak o n at a finito number of fr e qu e ncy samples. In p ost-measurement 

15 data processor procoss i nq (post process i ng) b l ock 64 7 usesing the available 

16 performance metric 7 measurements ar o us e d t o calculate each head's frequency 

17 performance , for instance as -fergrr-kilo flux per inch (kFCI) or kilo bits per inch 

18 (kBPI) x ) at a given-target performance metric. The performance of every head at 

19 every zone is determined as a function of thesaid read/write frequency profiles 

20 used for the measurements. 

21 

22 For example, if sjx6 different frequency profiles are used, then for every 

23 head per zone, the data measure rment proc e ss 62 provides measured data as a 

24 function of s|x6 frequency samples at a target performance metric. In the post- 
25 measurement data processor 64, aU-the measured data is sorted and the 

26 performance of every head at every zone at the six 6 different frequency samples 

27 is extracted to generate frequency capability histograms at a target performance 

28 metri c (o.g. orror rato) . 

29 

30 R e f e rr i ng to FIG. 2B shows a graph of playback error measurement for a 

31 head at a zone at different recording frequencies. The curve shows head 
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1 performance as a function of frequency (BPI). Ty the sampl e s can bo dop i ctod in 

2 a two d i mens i ona l graph whoroin th e x-axis (hor i zonta l ) is the read/write 

3 frequency io _( e .g., fr e quencies 1 through 6, kBPI at the outer diameter-OO), and 

4 the y-axis (v e rtica l ) is the on-track symbol error rate o m e asur e m e nt i n ajog scale 

5 for H e adl at zono 1 for oach of thosaid 6 froguoncios . -E flog SER) (in FIG. 2B, 

6 each frequencv sample data sample 70 is depicted as a-"+" . each curve fit point 

7 72 is depicted as "o" and each projected frequency 74 is depicted as "0") . 

8 

9 In the illustration, head 1 at zone 1 in disk drive 3 is measured at six 

10 frequency samples. The curve is generated using a least square polynomial fit to 
n the six freguencv samples. The projected frequency (BPI) for a target on-track 

12 symbol error rate is extracted from the curve by interpolation or extrapolation. 

13 For example, if the target on-track symbol error rate is 10" 8 then the projected 

14 frequency is determined by interpolation, whereas if the target on-track symbol 

15 error rate is 10" 6 then the projected freguencv is determined by extrapolation. 

16 The on-track symbol error rate varies m e asur e ment can vary o.g. from Iq ^-OtOtt 

17 4*4-0 ^0 1 e ~* (i. e ., 1x10^ fas a function o f the 6 frequencyiesr and w h e r e in th e 

18 error rate increases as the read/writ e f requency (d e ns i ty) increases. 

19 

20 The nominal kBPI (before vertical zoning) and the kBPI gain relative to the 

21 nominal kBPI are also shown. Head 1 

22 

23 can be classified as a strong head because there is reasonably significant margin 

24 before its on-track symbol error rate of -9.1 (log) at a nominal freguencv/kBPI of 

25 ~ 188 can be changed to a projected on-track symbol error rate of -6.22 at a 

26 freguencv/kBPI of ~ 217. Hence, there is a total kBPI gain of - 29, allowing the 

27 nominal freguencv to increase by 15% while meeting the target on-track symbol 

28 error rate performance metric of 6x1 0" 7 . Thus, head 1 of disk drive 3 has a 

29 frequency capability of about 21 7 at the target on-track symbol error rate of 6x10' 

30 7 , which provides a sample for the generation of a histogram. 

31 
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1 FIG. 2C shows a histogram of the frequency capabilities of the heads in a 

2 set of disk drives at a zone at a target performance metric. The histogram 76 is 

3 constructed using the projected frequencies determined in FIG. 2B for the heads 

4 in the selected disk drives reading from zone 1 at the target on-track symbol error 

5 rate of 6x1 CT 7 . The x-axis is the projected freguency capability at the outer 

6 diameter, and the v-axis is the number of heads. The histogram is extracted and 

7 empirical, has a normal distribution fit and has a width that corresponds to the 

8 head performance variation. 

9 

io Additional histograms To dotormin e fr e qu e ncy capabil i ty of o.g. 

n Hoadl at Zonol at a target error rat e of l e" 6 (i.o., IxICr 6 ), a curvo is fit (o.g., 

12 using known curvo fitting techniques such as le ast squar e s polynomial fit) to tho 

13 6 samp le s, to d e t e rm i n e by int e rpo l ation th e fr e qu e ncy va l u e that giv e s ris e to 

14 that target orror rat o (in F I G. 2B, oach curvo fit point 72 is dopictod by a "o"). If 

is tho target orror rato is at lo" 8 (i.o., 1x1 CT 8 ) thon tho frequency valu e that g i v e s ris e 

16 to that target orror rato is determin e d by e xtrapolation (in FIG. 2b, tho projected 

n or e xtrapo l ated frequ e ncy va l u e 7 A i s shown as a diamond shap e ). Th e proc e ss 

18 for that targ e t e rror rat e i s p e rform e d for Zon e l for a l l the h e ads in the sel e ct e d 

19 disk driv e s us o d in tho moasuromont process 62, to croato a histogram (FIG. 2D) 

20 of th e fr e qu e ncy capabil i ti e s of all th e h e ads in th e d i sk driv e s at Zon e l at that 

2 1 fixed target orror rat e , are constructed The proc e ss i s th e sam e for ati-the 

22 remaining zones based on the freguency capabilities determined from the graphs 

23 based on the performance measurements taken at the remaining zones so that t 

24 As such, using every available head considered in the disk drives under 

25 measurement has T BPI histograms can b e e xtract e d at a giv e n target 

26 performance metric per zone. 

27 

28 FIG. 2B shows an oxamplo curvo of orror rato of performanc e (SER) as a 

29 function of BPI (e.g., SER at 6 diff e r e nt BP I /frequoncy sampl e s) for a hoad 

30 l ocatod at tho outer diamotor (OD) of the disk. A l so shown i s e xtracted 

31 BP I /fr e quoncy capabi l ity valuo of that hoad at a zono ( o .g., QD) for tho spocifiod 
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1 target orror rato, using int e rpo l at i on/extrapo l ation (i. e ., if tho spec i f ie d d o s i rod 

2 target orror rato is outs i do tho performance range, extrapolation or interpolation, 

3 such as po l ynomial fit, is usod as necessary). Tho amount of BPI gain, or margin 

4 relativ e to tho nominal BPI sotting, is also spocifiod and mark e d. 

5 

6 Thus, T he -performance measurements are provided for each head 

7 at each zone in the selected disk drives, the graphs are generated for each head 

8 at each zone, the freguency capabilities for each head at each zone are 

9 determined for a target performance metric, and the histograms are constructed 

10 for each head at each zone for the target performance metric. Likewise, a bove 
n proc e ss i s porformod for all tho heads considered i n th o m o asur o mont 

12 procoduro, and a BP I /fr e quency capab i l i ty of a ll h o ads at a given target e rror rat e 

13 for e v e ry zon o i s gonoratod. Thus, in this manner, BPI/frequency capab i l i ty 

14 histograms for ovory zono at a spocifiod targot orror rato are constructed, lif athe 

15 histogram of head BPI capability at a target performance metric orror rato of a 

16 ovory zone (such as an intermediate zone) is not available T then the histogram 
n for that zone can be constructed by -interpolation or /extrapolation is pr e form e d 

18 to construct h i stograms for tho intormod i ato zones . The histograms can be used 

19 to estimate a BPI distribution. 

20 
21 

22 FIG. 2D shows a joint BPI distribution calculated from the histograms of 

23 the heads in the measured disk drives at a Th e construct e d histograms are 

24 usod to calculate cumulativ e performance d i stribution functions (CDF) of th e 

25 h ea d fr e quoncy (e.g., BPI) capabi li ty at a giv o n target performance metric. The 

26 joint BPI distribution is a 2D distribution based on the histograms in FIG. 2C effof 

27 rato performance motric) as input to tho format optim i zor. at the target on-track 

28 symbol error rate of 6x1 0" 7 . The x-axis is the BPI capability of the heads at the 

29 middle diameter (MP) of the disks, the v-axis is the BPI capability of the heads at 

30 the outer diameter (OP) of the disks, and the z-axis is the calculated number of 

31 heads divided by the total number of heads. The joint BPI distribution provides 
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1 an estimate of the probability that the heads meet the target performance metric 

2 at the MP and the OP. 

3 

4 The joint BPI distribution may predict for example, that 10% of the heads 

5 in the measured disk drives can operate at a high frequency of 1 .5 x the 

6 reference frequency, 50% of the heads can operate at a high freguencv of 1 .25 x 

7 the reference freguencv, 90% of the heads can operate at the reference 

8 freguencv, and 99.9% of the heads can operate at a low freguencv of 0.75 x the 

9 reference freguencv. 

10 

n Such performance distribut i on functions ar e designated as margina l , 

12 i ndiv i dual or por zone d i stributions. In ono examp le th e d i str i but i on funct i ons 

13 include ono dim e nsiona l (1 P) f two dim e nsiona l (2 P) and throo dimensiona l (3 

14 P) joint BPI/fr e qu e noy capabi l ity CPF, calcu l ated at tho samo spoc i fiod targot 

15 e rror rat e . Marginal or on e- dim e nsional distr i bution functions from th e joint 

16 distr i but i on functions can also bo calculatod. 

17 

18 A v e rsion of estimating performance (o.g., froquoncy capab i l i ty) 

19 cumulativ e distribution funct i ons at a g i v e n dosirod targot performance metric 

20 and zone is describ e d. A number of froquoncy format prof i les can bo generated 

21 and t e st e d on a sot of d i sk drives to o nsuro proper operation. Tho froquoncy 

22 formats aro generated and us e d to exp l oit every head's l inear density or 

23 froquoncy/BP I sensitivity at ev e ry zone. Thus, Ffor example, the linear bit density 

24 sensitivity of every head at a-zZone_K ( where K ranges from 1 to M zones ) at the 

25 six freguencv samples is determined. To do so, tho performance of ovory head 

26 is measur e d (after fu l l dr i vo road/write and servo ca l ibration/optimizat i on) at each 

27 frequ e ncy at Zon e K. If freguencv 1 Frog 1 K. freguencv E rea2-K . . .t-^ttt 

28 fReg uencv 6-K are the freguencv samples s o loctod fr o guencies at zZone_K, in 

29 tho moasur o m o nt process, every head is positioned on a track (e.g., the same 

30 track) in_at-zZone.K and the record/playback performance of each head is 
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1 measured at every frequency sample using a target performance metric of choico 

2 ( e .g., off track symbo l orror rato (SER)) . 

3 

4 The BP1 distributions can be calculated at the target performance metric 

5 as ID, 2D or 3D distributions that are marginal, individual or per zone 

6 distributions, respectively. The format optimizer uses the estimated freguencv 

7 capability BPI distributions for every zone at the target performance metric to 

8 determine the storage capacity and yield. 

9 For oxamp l o, F I G. 2B shows tho on track SER p e rformance of a se l ect e d 

10 head e .g. Hoadl , at Zonol , and th o b o st least square polynomia l fit curvo. For a 
n desir e d on - track target SER of 6 o 7, th o BP I capabi l ity of the (randomly) so l octod 
12 Hoadl at that target performance m e tric can bo projoctod by extrapo l at i ng th e 

n data ( i nterpolation is p e rformed if tho dosirod on track targ e t SER is in tho 

H p e rformance range, and e xtrapolat i on is performed otherwis e ). FIG. 2B shows 

15 tho proj e cted BP I capabil i ty of that head at an on track SER of 60 " 7 (i.e., 6x10 ^)7 

16 Tho original nominal kBPI (i.e., bofor o tho appl i cat i on of vort i cal zoning) is a l so 
n shown. Th e h e ad can b e c l ass i f i ed as a strong h e ad b e caus e th e r e i s a 

18 r e asonably significant amount of margin b e fore th e on - track SER p e rformanc e of 

19 this h e ad can bo changed from its nominal fr e qu e ncy/kBPI of - 188 with an on 

20 track (log of) SER of 9.1 to a proj e ct e d on - track ( l og of) SER of 6.22 op e rating 

21 at a froquoncy/kBPI of ~ 217. H e nco, th o ro i s a total kBPI ga i n of ~ 29, al l owing 

22 i ncrease in the nomina l fr e qu e ncy by 15 % wh i lo mooting th e d e s i r e d targ e t on 

23 track SER p o rformanco motr i c of 6o 7 ( i .e., 6x1 0 " 7 ). Thus, for examp l e, Hoadl of 

24 disk driv e 3 has a froqu o ncy capab i l i ty oqua l to 217 at an on track SER of 6o 7 

25 (i.o., 6x1 0 " *), which is noted for Headl as ono samplo for gon e ration and 

26 extract i on of ompirical histograms. 

27 

28 Performing th e abovo stops for a ll tho heads of a l l tho disk dr i ves 

29 considered i n tho measurem e nt process, a l lows e xtract i on of th e e mp i rical 

30 histograms of fr o qu o ncy capab i l i ty at on track SER of 6 e * ( i .o., 6x1 0" 7 ) for such 

31 heads, as shown by oxamplo in FIG. 2D. Tho y axis shows tho number of hoods 
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1 that moot tho intorpo l ated/ e xtrapolatod ( i .o., projoctod) frequency capability that 

2 is shown on tho x axis. Tho extracted (omp i rica l ) histogram can bo used to 

3 estimato tho probabi l ity cumulative distribution funct i on. Th e width of oach 

4 histogram 76 corr e sponds to a varianc e of th e h e ad p e rformance histogram, 

5 wh e r ei n an obj e ctiv e of th e pr e s e nt inv e nt i on is to improv e th e disk driv e yi e ld 

6 and capacity, and as a r e sult r e duc e that varianc e . 

7 

8 FIG. 2C shows an example joint BPI d i stribut i on plot. Such BPI 

9 distr i butions may pr e dict that, for oxamp l o, 10% of tho hoads in tho disk dr i ves 

10 for wh i ch m e asur e m e nt was p e rform e d, can op e rat e at a fr e qu e ncy d e nsity of 1 .5 
n x fr e q (wher e in fr e q is a r e f e r e nc e fr e qu e ncy), and 50% can op e rat e at d e nsity of 

12 1 .25 x froq, and 90% can operat e at d e ns i ty of 1 .0 x froq, and 09.9% can op e rat e 

13 a t d e nsity of 0.75 x froq, otc. Using the est i mat e d fr e qu e ncy capab ili ty 

14 cumu l at i v e distribution functions at tho targot porformanco metric and ev e ry 

15 zono, tho format optim i zer det e rm i nes th e d i sk dr i v e y iol d and capacity. 

16 

n F I G. 2C is an e xampl e of a 2-D joint (i. e . out e r d i am e t e r (OD) and midd le 

18 diam e t e r (MD)) BPI cumu l at i v e distr i bution function (CDF) at a targ e t 

19 p e rformanc e m e tr i c ( e .g. on - track symbo l e rror rat e of 6 e- 7). Th e x - axis shows 

20 tho BP I capabi l ity of a ll hoads (i.o. from all tho disk storago dovicos cons i d e r e d in 

21 th e m e asur o mont phaso) at MD AND y ax i s is tho BPI capabi l ity of a l l h o ads at 

22 OD. Tho z axis shows th e (calcu l ated) numbor of hoads dividod by the tota l 

23 numb e r/population of hoads i.o., an est i mate of probab il ity that thoso hoads havo 

24 a joint BP I capabil i ty at OD AND MD of l ess than or equa l to any givon d e sirod 

25 values. BP I capabi l ity for o.g. at OD in tho abovo doscription it is moant that 

26 wh i le operating at (or below, i.e., if considering CDF) a giv o n BPI, aftor fu ll 

27 Road/Write and sorvo ca li bration and opt i mization, m oo ting a dosirod given 

28 targot porformanco motric of choico at OD. Thus, tho afor o m o ntionod d e scription 

29 of BP I capabil i ty can simi l arly bo oxtondod to jo i nt BP I capabil i ty. 

30 

31 Format Optimize r procoss 
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1 

2 The format optimizer procoss b l ock 66 provide compr i s es a-variable BPI 

3 optimization. The format optimizer 66 solves procoss for solving mu l tip l o (e.g., 

4 three) constrained optimization problems in response to various inputs, givon tho 

5 i nputs: numb e r of fr e qu e ncy formats ( i . e ., d e sir e d numb e r of d i ff e r e nt read/writ e 

6 fr e quencies), number of heads in e ach disk dr i ve, and th e sa i d BPI distributions. 

7 The first problem maximizes the drivo yield while preserving the storage samo 

8 dfive-capacity, the second problem maximizes the storage dfive-capacity while 

9 preserving the samo drivo yields and the third problem maximizes the drive yield 

10 while reducing the track density and meeting the storage capacit y a ll owing 

n r e duc e d/relax e d TP I such that the d e s i r e d targ e t dr i v e capac i ty can b e m e t ._The 

12 inputs include the number of different read/write freguencies (freguency profiles 

13 or formats), the number of heads in each disk drive, the BPI distributions, and the 

14 nominal storage capacity. The BPI distributions indicate the freguency capability 
is distribution of the heads at a target performance metric. 

16 

17 I 
18 

19 Th e format optimiz e r 66 inputs th e said BP I distributions, a d e sir e d d i sk 

20 driv e cap a city, tho total number H of heads per d i sk driv e and th e numb e r N of 

21 fr e gu e ncy profi le s or v e rtica l zon e s ( i . e .. fregu e ncy p e r zon e across a disk m e dia 

22 surfac e strok e ). Giv e n th e fr e qu e ncy capab il ity d i str i bution of h e ads at a target 

23 p e rformanc e m e tric, th e total numb e r of v e rtica l fr e qu e ncy formats (F), th e tota l 

24 number of h e ads p e r dr i v e (H) and th e nominal driv e capacity, t he format 

25 optimizer 66 simultaneously searches through a a l l poss i bl e continuous range of 

26 all possible freguency capabilities to maximize the driv e yield such that the 

27 dos i red nominal storage d five-capacity is met. The format optimizer 66 can also 

28 perform selve the same operation with the prob le m, but th o dr i v o storage capacity 

29 and the dr i v e yield interchanged int e rchang e d . 

30 
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1 The A o ouch, i n one e xamp le , th o format optimizer 66 can optimizes high 

2 and / low data density as a function of the zones , to i mprovo th o dr i v o yie l d and 

3 m e ot a f i xod targot capacity. Tho format optimizor a l so optimiz e s capacity while 

4 achieving a fixod nominal drivo yiold, wh o roin tho nomina l yiold i s before th e 

5 app l icat i on of vert i ca l zoning accord i ng to tho prosont invent i on . Fo rln thos ate 

6 example^ in a disk drive with eiqht of F~2 formats (high density and low density) 

7 and H~8 heads 16 in a d i sk driv e 100 , the possibilities are one inc l ud e 1 head at 

8 high data density and seven? heads at low data density, two2 heads at high data 

9 density and six6 heads at low data density, threes heads at high data density 

10 and five § heads at low data density, four4 heads at high data density and four4 
n heads at low data density, onel head at low data density and seven? heads at 

12 high data density, two2 heads at low data density and six§ heads at high data 

13 density, and threes heads at low data density and five§ heads at high data 

14 densityT-ete. T H e nc e , t he format optimizer 66 considers all the combinatorial 
is possibilities, af*d-in each case solves a constrained optimization problem and 

16 fina ll y chooses the best optimal solution amongst-ali the possibilities. 

17 Alternatively, the format optimizer 66 can bo designed to reach the b e st optimal 

18 solution more directly b y solving a (non-linear) mixed z integer programming. 

19 

20 Therefore, once the 1-D, 2-D and 3-D ioif^BPI distribution / fr e qu e ncy 

21 capabi l ity CDF s (discuss e d abovo) at a giv e n target performance metric are 

22 calcu l at e d and passed as input to the format optimizer_66, the format optimizer 

23 66 solves tho abovo two problems, name l y: (1 ) maximizing or improving the drive 

24 yield (i. e ., due to the target pr e- s e l e ct e d performance metric , e .g., off - track SER) 

25 while meeting the a-desired nominal storage d rive-capacity, and (2) maximizing 

26 the storage disk drivo capacity while meeting thea desired nominal drivo yield. 

27 

28 The format optimizer 66 thefhmathematicallv casts these two problems 

29 stated abovo as constrained optimization problems and solves them using well- 

30 known optimization techniques such as a_er§r-line search algorithm. The 

31 constrained optimization problems can also be cast as (non-linear) mixed-integer 
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1 programming and solved using existing m e thods i n optimization methodst heefv, 

2 Example constraints to be considered, and cast mathematically within the format 

3 optimizer_66, include not exceeding a certain frequency at the outer diameter O P 

4 due to ASIC data rate limitations or at the inner diameter I P-due to 

5 head /disk media limitations. Furthermore, closed form equations are derived and 

6 used in the format optimizer 66 to estimate the storage capacity and actual drivo 

7 yield and driv o capacity . The format generator 66 also considers A Format 

8 Gen e rator process, doscr i b o d b el ow, is uti li zed to ca l culate tho actual drivo 

9 capacity aft o r inc l ud i ng a l l possible overheadsr such as adding and including 

10 redundant bits due to error correction coding or gray coding, 
n 

12 The format optimizer 66 also uses tbe-information from the format 

13 generator 687 such as the calculated format efficiency per zone (frerT-defined in 

14 percentages as the amount of user data e^in blocks that can fit in all tracks in a 

15 zone), or the number of tracks per zone, to achieve a very close estimate of the 

16 storage disk driv e capacity ca l cu l ation as determined by the format generator 68. 

17 Then, the format optimizer 66 calculates optimal linear bit density format profiles 

18 as well as the optimal number of heads allocated to each vertically zoned format 

19 profile. 
20 

21 For A s an example, histograms are extracted and the corresponding BPI 

22 distributions are estimated for different zones at the d e sir e d target on-track 

23 symbol error rates (o.g., for Zon e l at a target orror rato of lo" 6 , Zono2 at a targ e t 

24 orror rato of 1o^, Zono3 at a targ e t error rato of lo " 6 , etc.) as doscribod abov oof 

25 6x1 0" 7 . A format design is provided for a disk drive with four4 -heads disk dr i ves 

26 ( Hand two freguencies to optimize yield -4). and 2 vortica l froou o ncv 

27 format/profil e s (F~2), whoroin th e disk drivo yio l d is optimiz e d while meeting a 

28 minimum storage capacit y r o gu i r o m o nt . 

29 

30 W i thout tho m e thod of tho pr e sent inv e ntion (vortical zoning), 

31 conv e ntionally wh o n the sam e frequency is usod p o r head per zon e , i f ono of tho 
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1 A heads is a w o ak performing hoad having an error rat e m e asur e ment o.g. 1 e"* 

2 at Zonol (h i gher than the target orror rate), that disk drivo i s failed. W i th th e 

3 app l ication of the present invent i on in that case, the format optimizer allocates 

4 th e 3 oth e r h e ads to high e r fr e qu e nci e s, and a ll ocat e s the w e ak h e ad to a l ow e r 

5 frequency at Zonol . The rocording/playback p o rformanco of the woak hoad is 

6 compensated for, such that tho minimum capacity requirement is mot. As such, 

7 tho format optimizer 66 uti l izes tho porformanco d i stributions to dotormino two or 

8 moro opt i mal froquencios per zon o , and tho optimal number of hoad a ll ocat i ons 

9 to those fr e qu e nci e s p e r zon o such that constra i nts such as requ i red disk dr i ve 

10 y i eld and/or capacity aro met. 
n 

12 For example, the format optimizer 66 uses the e stimat e d 1 D, 2D and 3D 

13 jo i nt froquoncy/ BPI capab ili ty distributions at the a d e s i red t arget performance 
H metric to jointly optimize for vertically zoned frequency format profiles and the 

is corresponding number of head allocations three zones at a time. An advantage 

16 of considering three zones instead of one zone, , as compared to only on e {and 

n thus consid e ring a j oint optimization instead o f vorsus individualized 

18 optimization^ is that the j oint optimization allows the optim i zation of format 

19 profi l es (o.g., frequency profiles to be optimized^ across the stroke on each disk 

20 surface. .Therefore, joint optimization i n th i s way we exploits the potential 

21 correlation in performance from one zone to another zone as well as their 

22 individual and weighted contribution to the storage overall surface capacity. JA 

23 joint optimization approach is preferable for a high/ low/higfr data density format 

24 l ayout across the stroke for either improving the driv e yield while keeping the 

25 same storagedrive capacity 7 or improving the storage drive-capacity while 

26 preserving the sam e driv e yield. 

27 

28 The format optimizer 66 generates d r e sults from th e format optimiz e r 

29 inc l ud e : the target high/low BPI formats per zone, the {optimal number of head 

30 allocations per format A Aayeut and an estimate of the storage capacity and d rive 

31 yield and capacity . -The accuracy of the estimates can be sensitive to the 
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1 underlying extracted Qoint) BPI distributions at the target performance metric a 

2 giv e n (on or off track) orror rato . Further, the target high/low BPI formats can be 

3 sensitive to the variance of the (extract e d) BPI distributions. And, the variance of 

4 the BPI distributions can be sensitive to the absolute value of the target 

5 performance metric and the type of target performance metric fon or off track) 

6 target orror rate and tho choico of motric (o.g. orror rato vs. MSE) . In addition, 

7 becaus e the d e sign of target high/low BPI formats are designed perform e d three 

8 zones at a time and the yield improvement (while preserving the storage sam e 

9 ovorall drivo capacity) is based on the profile of the target nominal formats^ 

10 Tthe format optimizer 66 also allows for a-smoothing oporation in order to smooth 
n the target variable BPI format designs if so d e sir e d . The format generator 68 

12 determines the number of tracks per zone, the number of blocks per track, the 

13 radius at each zone, as well as block and track format efficiency. .This 

H information is saved in er§HDutput files for use with the format optimizer 66. The 

15 format optimizer 66 then saves the d e sign of target high/low BPI formats per 

16 zone that it generates T in two separate files that can be r e ad and loaded as input 

17 files-into the format generator 68. 

18 

19 Once the target format profiles are calculated, if they are non-smooth 

20 across the stroke, optionally a smoothing process is applied. The format profiles 

21 are then loaded into the format generator 68 d o scr i b o d bo l ow, t o create vertically 

22 zoned formats and configuration pages. The formats and configuration pages 

23 are used by the disk drive firmware to create binary files to be loaded inefrto the 

24 reserve image of the disk drives as part of the file system. F I G. 2A shows th e 

25 commun i cation b e tw ee n th e format opt i miz e r 66 and th e format g e n e rator 68. In 

26 this fashion^ the design and implementation of the f ormat profiles T as well as the 

27 number of optimal head allocations are performed off-line and are predetermined 

28 for every disk drive configuration. 

29 

30 For A n-example , in a disk drive with four heads and four disk surfaces on 

31 two disks, the format optimizer 66 designs of format opt i mization for d e signing 
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1 vertically zoned high and low and high frequency profiles for disk driv e s w i th A 

2 heads (i. o ., Hoad.1 through Hoadl correspond i ng to Surfacol through Surfac e A 

3 of Diskl and Disk2) is d e scr i b e d . El n this e xamp l e, e very disk surface is 

4 (uniformly) partitioned into three zones across the stroke, at a track density w ith a 

5 fixed number of tracks (TPI) per zone, vertically aligned from one disk surface to 

6 another. The nominal disk surface data storage capac i ty (before the application 

7 ef-vertical zoning) can be approximated by the sum over all the zones of the 

8 products of nominal tracks per zone multiplied by the nominal BPI frequency per 

9 trackzone multiplied a^d-bv the format efficiency per zone. -Format efficiency per 

10 zone is thea percentage of aii-the user data that is effectively stored per zone, 
n TTh e n t he nominal storage disk dr i v e capacity is e qual to the nominal disk 

12 surface data storage capac i ty multiplied by the total number of disk surfaces (or 

13 heads). The nominal number of tracks per zone and the format efficiency per 

14 zone can be generated by and obtained from the format generator 68 (d e scrib e d 

15 further below) . 

16 

n Performing vertical zoning to er§r-improve the drivo yield without losing 

18 astorage n v n omina l (disk driv e ) capacitVT finds the best frequency per zone and 

19 per head such that the disk drive meets performance and storage capacity 

20 requirements. | As such, if a disk drive with four4 heads fails t e s t proc e ss 

21 porformanco lim i ts d ue to the er^r-performance of hHeadJ at zZone.1 , but the 

22 performance of another head/zone pair, such as h Head 1 at zZone.2 (or anoth e r 

23 head such as hHead_3 at zZone.1 J p e rformanc e is significantly better i- -(iTer 7 

24 passing the test-limits with reasonable margins), then a higher than nominal 

25 frequency than nom i na l at zZoneJ2 or zZone_24 is designed for the strong 

26 heads that aro stronger (i.o. high density heads), and inst e ad the frequency at 

27 zZoneJ for the weak heads that are w e ak e r (i. e . l ow d e nsity h e ads) is lowered. 

28 This tradeoff is perform e d obtains a vertically zoned design of variable 

29 freguencies per zone such that the storage ov e rall disk driv e capacity is 

30 preserved , to obta i n a v e rtica ll y zoned d e sign of variab le fr e qu e nci e s p e r zon e. 

31 In addition, the number of heads (e^per zone) allocated to high or low data 
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1 density is determined. .Thus, the storage disk driv e capacity can be 

2 approximated by the sum (over all thezones) o f tho products of the number of 

3 strong l ow dens i ty heads per zon e multiplied by the high tow frequency data 

4 storage per zone multiplied by the format efficiency per zone plus the (sum over 

5 all the zones o f th e ) products of the number of weak h i gh d e nsity heads por zon e 

6 multiplied by the low number of h i gh frequency data storage hoads per zone 

7 multiplied by the format efficiency per zone. 

8 

9 For example, t in on o version, tho format optimizer solv e s for tho abovo 

10 probl e m as follows. T he format optimizer 66js provided with joint tfre -BPI tiomt) 

1 1 fr e qu e ncy capabil i ty cumulat i v e distribution function s ( e xtract e d and e stimat e d 

1 2 from all hoads cons i dorod i n tho moasuromont process abovo) at the a desir e d 

13 target performance metric (i. e ., th e sam e targ e ts us e d in th e t e st proc e ss) . Then, 

14 for every combinatorial possibility of head allocation ( e .g. t o high or low 

15 frequency^) the format optimizer 66 searches through a continuous range of 

16 possible frequencies T by considering every zone independently (t^using the 

17 marginal distributions) and by the combination of zones-(ire7 using the joint BPI 

18 distributions^ to maximize the d i sk driv e yield calculated using a closed form 

19 equation, such that the storage disk drive capacity after the application of vertical 

20 zoning is applied is essentially the same as the nominal storage d i sk driv e 

21 capacity. Further, the (optimal) high and low and high frequency profiles for 

22 every combination of head allocations is compared and the one that results in the 

23 highest value of (ca l cu l ated) disk drive yield is chosen and passed to the format 

24 generator 68 for the generation of vertically zoned configuration pages to be 

25 used by the disk drive firmware. 

26 

27 The disk surfaces of disks can be partitioned into more than tho oxamp l o 

28 three zones abov o. Tho abovo steps of dotormining tho opt i mal variable 

29 froquencios por zonos ar o useful to consid e r moro than thr oo zonos. To reduce 

30 computational complexity and time, if the selected/designed number of zones per 

31 disk surface in a d i sk drivo is more than three, the format optimizer 66 can be 
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1 usod to generate high and low and high frequency profiles three zones at a time 

2 and 7 suitablo smooth i ng operations aro usod to smooth the profile after post- 

3 processing. Another approach includes embedding the smoothing operator in 

4 the design and extending the joint optimization to all the zones so as to consider 

5 the offoct and impact of smoothing to dfive-yield (calculation) as part of the 

6 design rather than the later stages. 

7 

8 In the disk drive with four above A -heads d i sk drivo examp l e , the d i sk drivo 

9 yield is maximized while preserving the same-nominal storage d i sk drivo 

10 capacity. To determine the number of head allocations, the format optimizer 66 
n begins with one weak one low density head and three strong high density heads 

12 ( e .g., per zone). The format optimizer 66 searches through a continuous range 

13 of possible frequency capabilities per zone, as well as two and three zones at a 

14 time, by considering and using the 1 D (i.o., marg i na l ) , O'oint) 2D and 3D BPI 

15 distributions that result in the best calculated valuo of tho dr i vo yield such that a 

16 minimum nominal storage drive-capacity can be obtained. Next, the format 

n optimizer 66 uses two weak heads and two strong l ow and h i gh - d e nsity heads 

18 and repeats solving the sam e constrained optimization problem. This process is 

19 continued until all the combinatorial possibilities are considered. Finally, the 

20 format optimizer 66 chooses the solution that results in the best ca l cu l at e d va l u e 

21 of th e drive yield and provides the target high and low and high (o ptimal) data 

22 density format profiles and the associated number of high and low head 

23 allocations to the format generator_68. The format generator 68 then generates 

24 vertically zoned format files and configuration pages to be used by the disk drive 

25 firmware. 

26 

27 Format Generator 

28 In ono ombod i mont, tho format gonorator process b l ock 68 is us o d for 

29 o mboddod s o rvoing (i.o., s o rvo position is generated by reading back writt e n 

30 i nformat i on from the disks, such as s e rvo w e dges in which position informat i on is 
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1 o mboddod on the disks, and that information is usod to position the hoad on th e 

2 disk surfaces). 

3 

4 T For e xample, t he format generator 68 doscribod horoin generally 

5 performs three functions . First, the format generator 68 uses includ i ng util i zing 

6 target formats/frequencies (or linear densities/BPI) for each zone as an input, 

7 and performing an oxact calculatesioft otthe data storage capacity of each zone 

8 and thus the storage capacity of the disk drive i ts el f . Second Furthor , the format 

9 generator 68 calculates the format efficiency (the percent of the disk surface area 

10 that is occupied by user customer data) for each zone. Third T ho third, and 

n pr i mary purpos e of the format generator 68 is to generates configuration pages 

12 data. The configuration pages contain per-drive, per-zone, and per-head-per- 

13 zone parameters that are programmed into the disk drive electronics such as 

14 compon e nts. Such components inc l udo the preamplifier 21 , the d i sk control l er, 

15 the-read /write channel 51 T and the controller 57 pr e amplifi e r . The parameters are 

16 ordered such that the disk drive firmware selects the correct set of parameters to 

17 be programmed into each of the components for the particular head and zone 

18 that is being written to or read from at the time. 

19 

20 The format generator 68 calculates the oxact frequency and the data 

21 storage oxact capacity of each zone taking into consideration limitations in the 

22 programmability and of tho components and l im i tations of t he capabilityies of the 

23 disk drive components. For example, Some examples of compon e nt l im i tations 

24 metudef the heads 16 have varying down-track separation between the read and 

25 write elements, the preamplifier 21 has a minimum and maximum delay in turning 

26 on the write current, the read /write channel 51 synthesizer frequencies are 

27 limited to a-discrete col l ect i on of freguencies , the motor driver 53 can keep the 

28 spindle motor 14 within a finite precision of the nominal rotational speeds 

29 preamplifier (not shown) has a m i nimum and a maximum delay i n turning on i ts 

30 writ e curr e nt; tho down track separation between the hoad road and writ e 

31 e l e ments (not shown) var i es from component to component; tho r o for o nco 
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1 crystal (not shown) has finit e accuracy and stab ili ty ov e r t e mp e raturo; th e 

2 spindlo motor driv e r can koop tho spindlo motor sp oo d w i thin a finite precision of 

3 tho nom i nal rotationa l spood; . the controller 57 has specific latencies in 

4 generating commands to the preamplifier 21 and t he read /write channel 51and 

5 pr e amp l ifi e r, often with a finite uncertainty as to the exact timing of these 

6 commands , and a reference crystal (not shown) has finite accuracy and stability 

7 over temperature^ -etc. 

8 

9 The format generator 68 can be fully automated, or can be directed by a 

10 human operato r special i st . In the absence of input from the format optimizer 66, 
n the target per-zone BPI/frequency profiles, in particular, must be generated 

12 byfrem ahuman operator mmrt. In general, the human operato r sp e c i a l ist 

13 modifies the target frequency profiles until the desired storage capacity is 

14 reached. 

15 

16 T in on e e mbodim e nt, t he format generator 68 includes a format efficiency 

n process that uses the format optimizer 66^ target hiqh/ low/htefr variable BPI 

18 format designs as well as the optimal predetermined number of high/ low/higfr 

19 performing head allocations T to modify and generate the appropriate 

20 configuration pages (fre^as part of the file system). For each zone, the format 

21 generator 68 selects the nearest frequency to the target frequency for that zone, 

22 given the component limitations and programmab i lity mentioned above. The 

23 nearest frequency provid compris es the target formats. 

24 

25 The optimal predetermined number of low/high/low performing head 

26 allocations comprises the number of heads allocated to each of the multiple 

27 frequencies in each zone. The format optimizer 66 determines the head 

28 allocation, which is input to the format generator 68. The capacity of a zone 

29 depends betb-on the target frequencies and the number of heads allocated, to 

30 each frequency. 

31 
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1 The format optimizer 66 uses the nominal average BPI or frequency 

2 (nominal BPI format target designs) (e.g., one read/write frequency) in each zone 

3 as input f rom the format generator 68 to estimate the disk drivo yield before 

4 applying the variable BPI designs. .For a design with multiple frequencies per 

5 zone, this is the weighted average (by the number of allocated heads) of the 

6 multiple frequencies. The nominal format is created by er§r-a human operator 

7 working with the format generator 68 in antbe interactive manne r described 

8 abovo . 

9 

10 The format generator 68 p e rforms calculators theof number of tracks 

1 1 per zone, number of blocks per track, radius at each zone as well as block and 

12 track format efficiency to calculate the driv e zone data storage c a pac i ty . -The 

13 format optimizer 66 estimates the zone data storage capacity using the tracks 

14 per zone, radii, and format efficiency. Thus, the format optimizer 66 and the 

15 format generator 68_interact as shown in FIG. 2A6, For example, in a disk drive 

16 with four fer-4-heads disk driv e s , and two2 data density format frequency profiles 

17 (ireT^-high and low frequency profiles) with threes zones across the disk surface, 

18 after the measurement and optimization processes, the format generator 68 is 

19 provided with two 2 -optimal frequency profiles and the optimal allocation of the 

20 heads. The format generator 68 then calculates the storage capacity, and if the 

21 disk drive capac i ty meets the minimum reguired storage reguirod capacity, the* 

22 the format generator 68 generates the configuration files/pages for the disk drive 

23 firmware. .The configuration pages are used by the disk drive firmware to 

24 command the head to write at an assigned frequency to a zone. If the calculated 

25 storage dfive-capacity does not meet the minimum required storage capacity, the 

26 format optimization is performed again with new format efficiency values T and the 

27 process is repeated. 

28 

29 Head fefmat-Aassignments-an d soloct i on cr i t e rion 

30 Allocating The process for allo the cation of numbers of heads to oach of 

31 the predetermined multiple frequencies in a zone, and assigning tho procoss of 
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1 assignm e nt of a particular head in a particular disk drive to a particular 

2 frequency, are distinct. T First t he allocation process is- performed by the format 

3 optimizer 66 T and applies to the disk drives of a particular design (product) . 

4 The n, tho head assignments are procoss is then performed during manufacturing 

5 as part of a test process undergone by each disk drive to be produced. This 

6 s e ction d e scr i b e s th e assignm e nt proc e ss task. 

7 

8 Once the configuration pages are generated and converted to binary files 

9 as part of the file system, they can be loaded and saved into a reserved image of 

10 the disk drive for use after power cycling. Then, for every disk drive, the 

1 1 fol l owing e xampl e assignments are proc e ss is performed per head and per zone 7 

12 to d e t e rm i n e assign m e nt of a c e rtain predetermined number of heads to high BPI 

13 formats and the remaining heads to low BPI formats in a two2 frequency design, 

14 to satisfy the allocation of heads to thesate formats by the format optimizer 66. 

15 



16 The head assignments procoss for the two exampl e 2 frequency format 

n where high and low frequencies are used 7 includes the steps of: 

18 Load default parameters from the configuration pages, and 

19 calibrate selected parameters on a per head, per zone basis (e.g., load high BPI 

20 format profile for all the zones across the stroke); 

21 (2)r Take measurements from theaU heads at aW-the disk surfaces at 

22 pre-selected zones with respect to a target performance metric , o.g., moan 

23 squaro orror, on/off track orror rato, e tc. ; 

24 (3}t For each head in every measured zone, sort/rank the heads by the 

25 target performance metric from best to worsts select a pre-specified (by the 

26 allocation process in the format optimizer 66) number of heads with the best 

27 performance, and assign those heads to the higher frequency for a particular 

28 zone; 

29 (4> Optionally interpolate between the measurements obtained from 

30 the pre-selected number of zones to find the results for the other zones, and do 

31 the same for the interpolated zones. The interpolation oporation in a vorsion of 
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1 tho prosont inv e ntion reduces the test proc e ss t ime. Head performances are 

2 measured, sorted and assigned to a frequency for a subset of the total number of 

3 zones. For the remaining zones, the heads are assigned by interpolating en-the 

4 head assignments mad e from the measurements; 

5 (5}r For every zone, save the worst pre-specified number of weakk a4 

6 ( i .e. l ow p e rforming) heads with respect to the target performance selected 

7 metric; and 

8 {6}t For every zone, load and calibrate att-the weak b ad-heads with the 

9 lowef BPI format. 

10 

n The above process can b e us e d to improve storage yi el d, i mprov e 



12 capacity, improve yield and trade-off between yi e ld and storage capacit y and 

13 yield . In a test, the heads can be-passed or failed with respect to a target 

14 performance metric (e.g., off track orror rato) to determine if the test target limits 

15 are met. 

16 

n The disk drive sefve firmware is extended to load more than one format 

18 profile. A head can be assigned a different read/write frequency per zone across 

19 a disk surface, and radially similarly situated zones on different disk surfaces can 

20 have different read/write frequencies assigned to the corresponding heads 

21 whereby one head is assigned a different frequency/format profile than another 

22 head. 

23 

24 The head e xamp le a assignments proc e ss describ e d h e r e in applyies to a 

25 format design with two recording frequencies per zone , but . How e v e r, th e 

26 process can be easily extended to more than two frequencies per zone and T 

27 wh e r e in tho procoss can be iterated upon t o assign heads to more than two 

28 frequencies per zone , as doscribod by an exampl e below . For example, in a 

29 design with H heads and F frequencies per zone, above steps 1 and 2 are 

30 completed for the high frequency. The first selection of heads in step 3 assigns 

31 the highest hi heads, where hi is the pre-specified number of heads allocated to 
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the highest frequency for that zone. The remaining (H hi ) heads are then 
loaded and calibrated with the second highest frequency (step 1 again), 
measurements are taken (step 2 again), af*d-the heads are ordered relative to 
the metric and the best h-2 heads are assigned to the second highest frequency 
(step 3 again). Here h = 2 is the pre-specified number of heads allocated to the 
second highest frequency in the zone. Steps 1-3 of tho process are then iterated 
for the (H -- h-1 — h-2) heads, followed by the (H — hi — h2 - h3) heads, and 
so on, until hF heads remain to be assigned to the lowest frequency. -The set of 
(hi . . . T ^-hF) heads receive compris o t he head allocation made by the format 
optimizer 66. 

Table 1 betew-illustrates th e result of an oxamp l o of the vertical zoning 
head assignments procoss on a disk drive with six6 heads and fiveS zones 
across the stroke on each disk surface. Each head is assigned to either a_high 
or low data density format based on record/playback performance of that head, 
and w h e r e in as discuss e d abov e , t he number of heads assigned to high data tew 
density and the number of heads assigned to low data higfr-densitv is according 
to the head allocation r e sults determined by the format optimizer 66. 



HEAD 
# 


FORMAT\ZONE 
ZONE1 


ZONE 2 


ZONE 3 


ZONE 4 


ZONE 5 


0 


Low 


High 


Low 


High 


Low 


1 


High 


Low 


High 


High 


Low 


2 


High 


Low 


High 


Low 


High 


! 3 


High 


High 


Low 


High 


High 


4 


Low 


High 


High 


High 


High 


5 


High 


High 


High 


Low 


High 



20 
21 
22 
23 
24 



Table 1 - EAn-example for tho format assignment of a disk drive after test 
proc e ss, using vertical zoning with variable BPI across the-zones. 
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1 F I Gs. 3 6 show examplo ctops of an ombodimont of tho abovo procossos. 

2 R e forring to FIG. 3 shows? a flowchart of n oxamp le vertical zoning data 

3 collection that proc e s s includes the steps of: 

4 (1 ) Select a number of disk drives for data measurement/collection 

5 proc e ss (step 300); 

6 (2) Create a_nominal linear bit density profile KFCI Ore^-nominal 

7 -KFCI): 

8 kFCI (r) , wherein R is the disk radius (step 302); 

9 

io (3) Create more linear bit density profiles by multiplying the nominal 

n -KFCI bv the scaling factor Xi? (step 304): 

(l±xJ*kFCl(i?) 

12 

13 (4) Create a_binary file system for every generated profile (step 306)r 

14 i: .o. for 

15 

/e{l,-,#} 

16 

17 whereto N is the total number of frequency format profiles.!- fFor 

18 example, for N_=_2, having Xi, and X 2 , if Xi_=_0.05 and X2_=_0.1 , then including 

19 the nominal frequency forma t i ts el f, there are fjyeS different frequency profiles in 

20 step 304v as follows: (a) nominal_KFCI, (b) 1 .05 x>nominal_KFCI, (c) 0.95 x_± 

21 nominal.KFCI, (d) 1 .1 x_-nominal_KFCI, and (e) 0.90 x>nominal_KFCI (whoroin 

22 "*" i s tho multip l icat i on op e rator) ; 

23 (5) Select the first head by setting /' to 1 (step 308); 

24 (6) Load the file system /' iento the reserved image of the disk drives 

25 (step 310); 

26 (7) Take the head performance measurements (o.g., (on/off) track MSE 

27 and SER moasur e monts) (step 312); 

28 (8) Unload and save the results in the dOata bBase (step 314); 
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1 (9) Increment / by one (r/+1) (step 316); 

2 (10) Determine if i s-/ = N? -(step 31 8); 

3 (11) If not, go to step -31 0 ; and 

4 (12) Otherwise , else -stop (step 320)d ofte. 

5 

6 The above process collects performance data for all the heads at all the 

7 zones. 

8 

9 R o f o rring to FIG. 4 shows T a flowchart of n oxamp l o vertical zoning post- 

10 measurement proc e ss i ng and per zone BPI distribution extraction that proc e ss 
n includes the steps of: 

12 (1 ) Organize the head performance data (e.g., MSE and SER) 



n obta i n e d abov o , for every head i e {l,"' f A/,}_and every zone ye {l,---,Af2} as 

14 a function of the linear bit density samples, where in in this e xampl e M 1 is the total 

15 number of heads in the disk drives selected for tbe-measurement proc e ss ( e .g., 

16 40 disk driv e s e ach including A h e ads, r e su l ts i n total of M1~160 h e ads), and M2 

17 is the total number of zones, to generate head performance histograms (step 

18 400); 



19 (2) Choose a target performance metric ( o .g., MSE or SER) (step 402); 

20 (3) Set j = 1 and / = 1 (step 404); 

21 (4) Interpolate/e^xtrapolate BPI at the sp e cifi e d target performance 

22 metric (e.g., MSE or SER) for head i at zone /-(step 406); 

23 

24 (5) Select the next head by incrementing / by one (i = i +1) (step 408); 

25 

26 (6) Determine if J s- /- M x l (i.e.. have all the heads have been 

27 processed?) by determining if i = M,.(sStep 410); 

28 



51 



Docket Q01-1006-US1 



1 (7) If not, got to step 406 to process the next head, otherwisee tee 

2 generate afrequency capability histogram at that givon zone j for all the heads 

3 (step 412); 

4 

5 (8) Determine if 4 s - / ^ A/,? (i.o., havo all the zones have been 

6 processed?) bv determining if / = M 2 .(sStep 414); 

7 
8 

9 (8) I f y oc , stop; 

10 

l i (940) If not. Othorw i s e . move to the next zone and start with the first head 

12 again, set whorobv j = j + \ and T / = 1 (step 41 6)7 and go to step 406 ; and 

13 ( 1 0) Otherwise, stop (step 41 8) to ropoat . 

14 

15 The above process generates (1 D) frequency capability histograms at a 



16 target performance metric aed-for every zone by considering all the heads from 

17 the sample disk drives selected for in tho measuremen t proc e ss . .Using the (1 D) 

18 frequency capability histograms at a givon t arget performance metric, tochniques 

19 improbability theory known to those skilled in the art can be adopted to estimate 

20 the (1 D) frequency capability distributions. Further, the above processdwe 

21 abov e is extended (frerrby using 2D and 3D interpolation/extrapolation routines^ 

22 to extract and estimate the 2D and 3D joint frequency capability histograms and 

23 their associated distributions. 

24 



25 R o f o rrinq to FIG. 5 shows 7 a flowchart of head assignments for N heads 

26 with n oxamplo head assignmont procoss for a two frequency format (N=2r 

27 high/low data density) that d e sign, includes the steps of: 

28 (1 ) Assign all-o the heads in a disk drive to the first soloctod format 

29 ter€fc7-hiqh data- density format) (step 500); 

30 (2) Calibrate all-n the heads at the high data - density format for 

31 selected zones (step 502); 
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1 (3) Measure the head performance metric at the selected zones for all 

2 theft heads (step 504); 

3 (4) For each selected zone, rank the heads by the head performance 

4 metric (step 506); 

5 (5) For each selected zone, assign the highest K heads to the high 

6 data - density format, and assign the other Nn-K heads to the low data density 

7 format (step 508); 

8 (6) Optionally interpolate the head assignments for the remaining 

9 zones (step 510); and 

10 (7) Complete the calibration of all the heads and all the zones at the 
n assigned formats (step 512). 

12 

13 The above process completes the assignment of each head in each disk 

14 drive to a predetermined frequency. 

15 

16 T As shown i n F I G. 2A, information is passod botwoon tho format 



17 g e nerator 68 and tho format optimizer 66, whoro i n init i a ll y, t he format generator 

18 68 passes the information i nc l ud i ng o.g. track formats tavetrt to the format 

19 optimizer 66 to have a more accurate way of calculating the storage capacity 

20 (nominal format). Such information and constraints are provided to the format 

21 optimizer 66 to solve thesaid joint optimization problems. The format optimizer 

22 66 performs a coarse -calculation of the storage capacity, whereas the format 

23 generator 68 performs an exact calculation of the storage capacity. The format 

24 generator 68 performs funct i ons of providesmq format information ( such ase ^ 

25 number of tracks per zone, and the zone format Javoyt) to the format optimizer 66, 

26 and calculatesimj the exact storage f ormat capacity. Such information is passed 

27 once from the format generator 68 to the format optimizer 66 for a head design 

28 (o.g. t A hoad design) with a given number of heads . -The format generator 68 

29 initially provides nominal information- to the format optimizer 66, and w her e in the 

30 format optimizer 66 performs its calculation of target densities (zone frequencies 

31 and number of heads allocated to each frequency) and provides that information 
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1 to the /Format -^Generator 68. The format generator 68 then determines if 

2 required storage capacity has been reached. Adjusting the target densities to 

3 meet storage capacity and/or yield and/or capac i ty requirements includes 

4 adjusting the selected zone density or zone frequencies. 

5 

6 Referring to FIG. 6 shows - a flowchart of format generation and 

7 optimization in which an i n oxamp l o Format Gonorator/Format Optimizor 

8 Iteratiyeen process for ajninimum storage capacity r e qu i rem e nt (C}r and a user 

9 specified storage a ll owed o vercapacity-Belter (A) includes the steps of: 

10 (1 ) Determine the disk geometry, track density (TPI) and servo 
n sjDokewedge details, and provide the eutetrt-inner diameter (ID) and outer 

12 diameter (OD) radii iT the track density ( TPI ),i the number of servo spokw edges. 

13 and the servo spokew edge length (step 600); 

14 (2) The f format generator 68 generates the initial format at the storage 
is capacity using the valuos ID and - rOD radii, the TPI. the number of servo 

16 spokw edges and the servo spoke w edge-length, and providee uteuts the radius of 

17 each zone per disk surface, the number of tracks per zone, the number of blocks 

18 per track, and the f ormat efficiency by zone (step 602); 

19 (3) The ff ormat optimizer 66 generates optimal target densities at all 

20 the zones using the radius of each zone per disk surface, the number of tracks 

21 per zone, the number of blocks per track, and the format efficiency by zone as 

22 d e scrib e d abov e , and provides the high and low BPI outputs fr e gu e ncv d e nsity 

23 targets (o.g., l ow/high BP I ) by zone 7 and the_number of high and low BPI 

24 froquoncy density ( e .g., low/high BPI) head allocations by zone (step 604); 

25 (4) The ff ormat generator 68 generates new formats with a storage 

26 cGapacity (thene^ number of logical blocks per disk drive) (step 606); 

27 (5) Determine il f the storage cG apacity > C and the storage cG apacity 

28 < (C + AOetta) (step 608); 

29 (6) If not. . then stop; 

30 (§} Othorwiso, adjust the target densities (sStep 61 0)r and go to step 

31 606 : and 
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l (7) Otherwise, stop (step 612) . 

2 

3 For JfhQfie-example. the disk surface capacity is doscribod by tho 

4 equation: T PI x BPI x (1 + ECC) / FE, wherein TPI is the track density, BPI is the 

5 linear bit density. ECC is the fractional level of error correcting code used-which 

6 is typically about 0.1, and FE is the format efficiency which is typically about 0.57. 

7 

8 The above process completes the format generation process . 

9 

10 As an other example sc e nario of th e r e su l ts g e nerat e d by an e mbodim e nt 

n of v e rtica l zoning according to th e pr e s e nt inv e nt i on , a set of thirty-two3 2 

12 matured disk drives are selected and wh e r e in each disk drive includes twelve4-2 

13 heads. The 1 D, 2D and 3D jemt-BPI empirica l distributions are extracted at an 

14 giv e n sp e cifi e d targ e t on r track symbol error rate from the three pre specifi e d 

15 radial zon e s, i. e ., outer, middle and inner zones. Next, the BPI e xtracted 

16 distributions are fed mto the format optimizer_66, and high or low or high 

n frequency per zone format designs are obtained at the three specifi e d zones. 

18 This is performed once by individual optimizationr-aW based on 1 D BPI 

19 distributions at each of the three zones, and once by joint optimization based on 

20 the measurements obtained from the three zones and their extracted 1 D, 2D and 

21 3D BPI distributions. The head format allocation search process (VZ t o st) is 

22 performed byifha simulation, and w h e r e in f or each zone the one-format designs 

23 (trer-before the application of vertical zoning) are a special case of the two-format 

24 variable BPI designs by forcing the high and low and h i gh formats to be th e sam e 

25 af*d-equal to the nominal BPI format at that zone. Furthermore, the pass/fail of 

26 the disk drives is docidod based on tho critorion that each head at every zone 

27 passing a target g iv e n on-track symbol t amet-error rate as well as off-track 

28 squeeze and un-squeeze offset margins. Then, the drivo yield is calculated 

29 by (i. e ., in simulation by interpolation/extrapolation of the measurement data) 

30 before and after the application of vertical zoning (VZ) . Tho fo l lowing Table 2 

31 summarizes the results: 
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1 
2 

3 Using Joint Optimization Using Individual Optimization 

4 Drive Yield (Yd) 93.75 90.625 

5 Drives failed after VZ 4&29 4, 6&29 

6 Drives recovered 2, 3, 13, 19, 21 & 25 2, 3, 13, 19, 21 & 25 

7 Passed drives failed after VZ None 6 

8 Drives failed before VZ 2, 3, 4, 12, 19, 21 & 29 2, 3, 4, 12, 19, 21 & 29 

9 i.e., drive yield before VZ i.e., dOrive yield after VZ 
10 Yd=75% Yd = 75% 

11 

12 Table 2 

13 

14 I n addition to disk drives, th e pres e nt i nv e ntion i s useful w i th other storag e 



15 d e vic e s such as e .g. tap e driv e s, optica l driv e s, e tc. A -lffhough a manufacturing 

16 test case for a two format design is illustrate d o sor i bo d. the search algorithm can 
n be easily fee-generalized to a_higher number of formats. The design of two 

18 formats based on 1D, 2D and 3D joint storage donsity BPI distributions can 

19 easily be generalized to higher order or dimensions by considering more zon e s 

20 than three zones . The design of format designs can be generalized from two to a 

21 higher number of formats. The measurement procedure can be generalized to 

22 consider more zones as well as ofMrack measurements such as 747 curves or 

23 quality metrics versus error rate measurements to perform a_correlation study for 

24 the choico of best metric with the least ss potentia l test time. 

25 

26 Further, the abov e m e thods for a per zone variable BPI design can be 

27 easily extended to a variable BPI/TPI design as d e scr i b e d b e low . The 

28 measurement process is extended to furth e r include 747 measurements of all the 

29 heads from a pre-selected number of -disk drives. To speed jjp the 

30 measurements of raw data , instead of 747 measurements, off-track and 

31 adjacency margin (squeeze measurements) of theatt heads can be performed. 

32 Once the 747 faw-data of theatt heads at a_pre-selected number of zone 

33 location s is determined, for every zone A (joint) BPI/TPI distributions can be 

34 extracted at the givon desired target(s) by post-measurement data processing-ef 

35 data. .The choice of ajarget is an integral part of the amount of performance 

36 gain, such as disk driv e yield, due to the per zone variable BPI/TPI designs. 

37 Some example choic e s of target(s) are off-track symbol error rate, the var i ance 
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1 el-position error signal variance, and or oven a combination of both. After the 

2 joint BPI/TPI distributions are extracted and available for theatt zones, a per zone 

3 variable BPI/TPI design can be obtained by solving two_-constrained Q'oint) 

4 optimization problems: one that maximizes the drive-yield while keeping the 

5 same disk drive areal density and another that maximizes the disk drive areal 

6 density while keeping the same drive-yield. Once the per zone variable BPI/TPI 

7 designs are obtained, a hoad BP I /TP I a ll ocation and so l ect i on crit e rion, simi l ar to 

8 that describod horoin, can bo usod such that a pre-selected number of heads are 

9 allocated to high and low density BPI and TPI formats, for example, for th o case 

10 ef-atwo variable BPI/TPI per zone design performed as part of the test process, 
n 

12 The present invention improves storage capacity dr i vo v i old and drivo 

13 capac i ty (and e f-conseguentlv areal density at a fixed target BPI) and vieldr and 

14 al l ows reducesmg the target TPI by increasing the average BPI across the stroke 

15 per head (depending on the number of formats considered) to meet a desire 

16 storage t arqot drivo capacity. In particular, du e to a maximum do l ivorablo data 

17 rato of tho ASIC compon e nts ( e .g., channol, contro ll er and proamp) t he BPI at 

18 the outer diameter may be limited by the maximum m i nimum deliverable data rate 

19 of the mont i onod A SIC components. -For example, if the controller 57 has ie 

20 capab l o of ajnaximum deliverable data rate of 650 MHz, the preamp lifier 21 

21 has capabl e a maximum deliverable data rate of 700 MHz and the read/write 

22 channel 51 has capablo a maximum deliverable data rate of 750 MHz, then the 

23 BPI at the outer diameter is limited by the controller 57 at a maximum deliverable 

24 data rate of 650 MHz. Thus, a conventional one format BPI profile across the 

25 stroke does not achieve the desired storage drive-capacity and th e desir e d 

26 manufactur i ng driv e yield . Th o target BPI is incroasod and th e BP I profil e across 

27 tho stroko is ro l axod , where i n accord i ng to whereas t he present inventionr-tbe 

28 per zone variable BPI design can bo usod to dosign (var i ab l e BP I ) target formats 

29 thatmeet the desired storage d rive-capacity at a fixed target TPI while improving 

30 the ovora l l drivo yield. 

31 
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1 Ref e rring back to FIG. 2A and F I Gs. 3 6, in on o ombodimont of tho 

2 proGont i nvent i on, tho stops of tho examples method of tho present inv o nt i on: (1) 

3 Ithe data ooll e ction/ measure rmont proc e ss b l ock 62 7 can be implemented byon 

4 a_general purpose compute ring equ i pment 61 , known i n the art, and the drive 

5 electronics of the disk drive 1 00. The general purpose computer 61 can be a 

6 high end PC, a PC server or a workstation and include programmable simulation 

7 software. The drive electronics can include inc l uding the special purpos e 

8 ol o ctronic circu i t (o.g., logic circuit) 49 and the controller on board 

9 microprocessor 57 . T-he logic (FIG. 1B). configured according to tho pres e nt 

10 i nvont i on, whoroin tho specia l purpose e l e ctronic circuit 49 is configured to 

1 1 performs the measurements and T the controlle r on board microprocessor 57 

12 directs the logic specia l purpos e circuit 49 7 and transfers the data to the general 

13 purpose computer 61. T . (2) t he head assignments process can be implemented 

14 byen the controller on board m i croprocessor 57 with w ithin th o disk drive 100 

is configured accord i ng to the pr e s e nt invention, the wh e r e in a data collection sub- 

16 task is related to tho head assignm e nt task such that tho data co l l e ction sub task 

n is-performed by the logic sp e c i a l purpos e e l e ctron i c circuit 49 with i n th e disk dr i v e 

1 8 400 . The ; (3) tho stops in each of th e post-measurement data -processormg 

19 block 64, the format optimizer block 66 and the format generator block 68 can be 

20 implemented byeft the general purpose compute ring equipment 61 (e.g., high 

21 end PC, PC server or workstation, etc., including programmable simu l ation 

22 softwar e ) configur e d accord i ng to th e pr e s e nt i nv e nt i on . 

23 

24 The present invention has been described in considerable detail with 

25 reference to certain preferred versions thereof; however, other versions are 

26 possible. ^Therefore, the spirit and scope of the appended claims should not be 

27 limited to the description of the preferred versions contained herein. 
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1 Abstract 

2 A method of defining such a storage format in mu l t i pl e data storage 

3 devices,- each data storage device having multiple a plura l ity of storage media 

4 and a p l ura l ity of corresponding data transduc e r heads, each transducer head for 

5 recording on and playback of information from a corresponding storage mediaum 

6 in at least one zone, whoroin and each zone includinq os a p l ura l ity of concentric 

7 tracks for recording on and playback of information. .The method includes the 

8 st e ps of: selecting a sample of the a p l ura li ty of said data storage devices A i for 

9 each selected data storage device T measuring a record/playback performance 

10 capability of each head at one or more read/write frequencies per zone A i bas e d 
n on sa i d performanc e capab i lity moasuromonts, generating storage density 

12 distributions corresponding to at l e ast a numb e r of the heads in thesaid selected 

13 data storage devices based on the performance capability measurements^ 

14 selecting a group of read/write frequencies for thesate mu l tipl e data storage 

15 devices with T two or more frequencies for each zone T based on thesate storage 

16 density distributions^ and assigning one of thesate read/write frequencies to 
n each head based on the performance capability of that head. 
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i SUBSTITUTE SPECIFICATION UNDER 37 C.F.R. 1.125 * 

3 Per Zone Variable BPI for Improving Storage Device Capacity and Yield 

4 By 

5 Saeed Asgari 

6 Mathew Vea 

7 And 

8 George Iszlai 

9 

10 Field of the Invention 

n The present invention relates to information storage on a storage media 

12 such as a disk in a disk drive. 

13 

14 Background of the Invention 

15 Data storage devices such as disk drives are used in many data 

16 processing systems. Typically a disk drive includes a magnetic data disk having 
n disk surfaces with concentric data tracks, and a transducer head paired with 
18 each disk surface for reading data from and writing data to the data tracks. 

19 

20 Disk drive storage capacity increases by increasing the data density (or 

21 areal density) of the data stored on the disk surfaces. Data density is the linear 

22 bit density on the tracks multiplied by the track density across the disk surface. 

23 Data density is measured in bits per square inch (BPSI), linear bit density is 

24 measured in bits per inch (BPI) and track density is measured in tracks per inch 

25 (TPI). As data density increases, the head performance distribution also 

26 increases which diminishes disk drive storage capacity and yield. 

27 

28 Conventional disk drives fail to account for the different capabilities of the 

29 head and disk surface pairs. Conventionally, each disk surface is formatted to 

30 store the same amount of data as every other disk surface. However, each head 

31 and disk surface pair has unique data recording capability, such as sensitivity 
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1 and accuracy, which depends on the fly height of the head over the disk surface, 

2 the magnetic properties of the head and the quality/distribution of the magnetic 

3 media for the disk surface. Thus, in conventional disk drives a head and disk 

4 surface pair that has a low error rate is formatted to the same BPI and TPI as a 

5 head and disk surface pair that has a high error rate. 

6 

7 Conventional disk drive manufacturing applies a single error rate and a 

8 single data storage level for the head and disk surface pairs, and scraps disk 

9 drives that include a low performing head and disk surface pair that fails to meet 

10 the qualifying requirements. This lowers storage capacity due to inefficient use 
n of high performing head and disk surface pairs that can store more data, and 

12 lowers yield due to disk drives being scrapped if they include a low performing 

13 head and disk surface pair even if they also include a high performing head and 

14 disk surface pair. 

15 

16 U.S. Patent Nos. 6,091 ,559 and 5,596,458 provide different BPI on 

17 different disk surfaces, however these approaches do not take into consideration 

18 multiple constraints, including head performance across the stroke per disk 

19 surface, performance requirements such as throughput and manufacturing 

20 requirements such as test time. Instead, disk surface zone frequencies are 

21 selected based on a single metric for one head. 

22 



23 There is, therefore, a need for storing data in a disk drive which improves 

24 disk drive storage capacity and yield and accounts for head performance 

25 variation. 

26 

27 Summary of the Invention 

28 The present invention satisfies this need. 

29 
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1 In an embodiment, a variable BPI storage format is a function of zones in 

2 data storage devices, such as disk drives, based on head performance variation 

3 between different heads in a set of data storage devices. 

4 

5 In another embodiment, a population of disk drives is selected, and head 



6 performance measurements are taken for disk surface locations at different 

7 frequencies. Head performance distributions obtained from the head 

8 performance measurements provide storage formats for the disks by determining 

9 different read/write frequencies for the zones, and the heads in each disk drive 

10 are assigned to the frequencies, 
n 

12 The head allocations and assignments are per head per zone, taking into 

n consideration head performance variation across the zones. For instance, if a 

14 first head performs well at the inner diameter (ID) of the disk but poorly at the 

15 outer diameter (OD) of the disk, and a second head has reverse performance, 

16 then the first head is assigned a high BPI at the ID and a low BPI at the OD, and 
n the second head is assigned in the opposite fashion. The per zone variable BPI 

18 storage format improves storage capacity by taking several manufacturing and 

19 customer constraints into consideration. Performance of each head across the 

20 stroke of the disk surface, as well as performance variation from one head to 

21 another, determines the storage format and the head assignments. 

22 

23 In another embodiment, the head performance and the storage format are 

24 determined off-line at development/design time, and then the heads are assigned 

25 to the different frequencies at manufacturing time. For example, the storage 

26 format for each zone and the number of heads allocated to each data density are 

27 preselected at design time, and then the heads are assigned to high/low data 

28 density storage formats at manufacturing time. 

29 

30 In another embodiment, a method defines the storage format in data 

31 storage devices, with each data storage device having multiple storage media 
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1 and corresponding heads, each head for recording on and playback of 

2 information from a corresponding storage media in multiple zones, and each 

3 zone including concentric tracks for recording on and playback of information. 

4 The method includes (1 ) selecting a sample of the data storage devices, (2) for 

5 each selected data storage device, measuring a record/playback performance of 

6 each head at one or more read/write frequencies per zone, (3) generating head 

7 performance distributions based on the head performance measurements, (4) 

8 selecting a group of read/write frequencies for the data storage devices, two or 

9 more frequencies for each zone, based on the head performance distributions, 

10 and thereafter, during manufacturing, (5) assigning one of the read/write 
n frequencies to each head based on the performance of that head. 

12 



13 Advantageously, the present invention provides consistent performance 

14 (both sequential and random throughput) across a population of disk drives, 
is improves storage capacity and yield and reduces test time. 

16 

17 Brief Description of the Drawings 

18 These and other features, aspects and advantages of the present 

19 invention will become understood with reference to the following description, 

20 appended claims and accompanying figures where: 

21 FIG. 1 A shows a disk drive with a data storage format; 

22 FIG. 1 B shows drive electronics for the disk drive; 

23 FIG. 1C shows servo tracks and data tracks on a disk surface; 

24 FIG. 1 D shows a zone format in the disk drive with N disks, 2N heads and 

25 different heads in a zone on different disk surfaces; 

26 FIG. 1 E shows another zone format on a disk surface; 

27 FIG. 1F shows zones on a disk surface that each include virtual cylinders; 

28 FIG. 1G shows a data track format for the virtual cylinders in a zone on 

29 different disk surfaces with corresponding heads; 

30 FIG. 1 H shows a servo track and data track format for a zone on different 

31 disk surfaces with corresponding heads in which the number of servo tracks and 
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1 data tracks in different virtual cylinders of a zone on different disk surfaces are 

2 the same; 

3 FIG. 1 1 shows another servo and data track format that varies from zone 

4 to zone on a disk surface; 

5 FIG. 2A shows a function and flow diagram for generating the format of 

6 FIG. 1A; 

7 FIG. 2B shows a graph of playback error measurement for a head at a 

8 zone at different recording frequencies; 

9 FIG. 2C shows a histogram of the frequency capabilities of the heads in a 

10 set of disk drives at a zone at a fixed target error rate; 
n FIG. 2D shows a joint BPI distribution; 

12 FIG. 3 shows a flowchart of vertical zoning data collection in FIG. 2A; 

13 FIG. 4 shows a flowchart of vertical zoning and per zone joint BPI 

14 distribution extraction in FIG. 2A; 

15 FIG. 5 shows a flowchart of head assignments in FIG. 2A; and 

16 FIG. 6 shows a flowchart of format generation and optimization in FIG. 2A. 

17 

18 Detailed Description of the Invention 

19 Data storage devices used to store data for computer systems include, for 



20 example, disk drives, floppy drives, tape drives, optical and magneto-optical 

21 drives and compact drives. Although the present invention is illustrated by way 

22 of a disk drive, the present invention can be used in other data storage devices 

23 and other storage media, including non-magnetic storage media, is as apparent 

24 to those of ordinary skill in the art and without deviating from the scope of the 

25 present invention. 

26 

27 FIGs. 1A-1C show a hard disk drive 100 diagrammatically depicted for 

28 storing user data and/or operating instructions for a host computer 54. The disk 

29 drive 100 includes an electro-mechanical head-disk assembly 10 that includes 

30 one or more rotating data storage disks 12 mounted in a stacked, spaced-apart 
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1 relationship upon a spindle 13 rotated by a spindle motor 14 at a predetermined 

2 angular velocity. 

3 

4 Each disk 12 includes at least one disk surface 23, and usually two disk 

5 surfaces 23 on opposing sides. Each disk surface 23 has associated magnetic 

6 media for recording data. The spindle motor 14 rotates the spindle 13 to move 

7 the disks 12 past the magnetic transducer heads 16 suspended by the 

8 suspension arms 17 over each disk surface 23. Generally, each head 16 is 

9 attached to a suspension arm 17 by a head gimbal assembly (not shown) that 

10 enables the head 16 to swivel to conform to a disk surface 23. The suspension 
n arms 17 extend radially from a rotary voice coil motor 20. The voice coil motor 

12 20 rotates the suspension arms 17 and thereby positions the heads 16 over the 

13 appropriate areas of the disk surfaces 23 in order to read from or write to the disk 

14 surfaces 23. Because the disks 12 rotate at relatively high speed, the heads 16 
is ride over the disk surfaces 23 on a cushion of air (air bearing). 

16 

n Each head 16 includes a read element (not shown) for reading data from a 

18 disk surface 23 and a write element (not shown) for writing data to a disk surface 

19 23. Most preferably, the read element is a magneto-resistive or giant magneto- 

20 resistive sensor and the write element is inductive and has a write width which is 

21 wider than a read width of the read element. 

22 

23 Each disk surface 23 is divided into concentric circular data tracks 30 that 

24 each have individually addressable data sectors 35 in which user data is stored 

25 in the form of magnetic bits. The data sectors 35 are separated by narrow 

26 embedded servo sectors 25 arranged in radially extending servo spokes. The 

27 servo sectors 25 include a series of phase-coherent digital fields followed by a 

28 series of constant frequency servo bursts. The servo bursts are radially offset 

29 and circumferentially sequential, and are provided in sufficient numbers that 

30 fractional amplitude read signals generated by the head 16 from portions of at 

31 least'two servo bursts passing under the head 16 enable the controller 57 to 



6 



Docket Q01-1006-US1 

1 determine and maintain proper position of the head 16 relative to a data track 30. 

2 A servo burst pattern for use with a head that includes a magneto-resistive read 

3 element and an inductive write element is described by commonly assigned U.S. 

4 Patent No. 5,587,850 entitled "Data Track Pattern Including Embedded Servo 

5 Sectors for Magneto-Resistive Read/Inductive Write Head Structure for a Disk 

6 Drive" which is incorporated herein by reference. 

7 

8 The controller 57 controls the heads 16 to read from and write to the disk 

9 surfaces 23. The controller 57 preferably is an application specific integrated 

10 circuit chip (ASIC) which is connected by a printed circuit board 50 to other 

n ASICs, such as a read/write channel 51 , a motor driver 53 and a cache buffer 55. 

12 The controller 57 preferably includes an interface 59 which connects to the host 

13 computer 54 via a known bus 52 such as an ATA or SCSI bus. 

14 

15 The controller 57 executes embedded or system software including 

16 programming code that monitors and operates the disk drive 100. During a read 

17 or write operation, the host computer 54 determines the address where the data 

18 is located in the disk drive 100. The address specifies the head 16, the data 

19 track 30 and the data sector 35. This data is transferred to the controller 57 

20 which maps the address to the physical location in the disk drive 100, and in 

21 response to reading the servo information in the servo sectors 25, operates the 

22 voice coil motor 20 to position the head 16 over the corresponding data track 30. 

23 As the disk surface 23 rotates, the head 16 reads the servo information 

24 embedded in each servo sector 25 and also reads an address of each data 

25 sector 35 in the data track 30. 

26 

27 During a read operation, when the identified data sector 35 appears under 

28 the head 16, the entire contents of the data sector 35 containing the desired data 

29 is read. In reading data from the disk surface 23, the head 16 senses a variation 

30 in an electrical current flowing through the read element when it passes over an 

31 area of flux reversals on the disk surface 23. The flux reversals are transformed 
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1 into recovered data by the read/write channel 51 in accordance with a channel 

2 algorithm such as partial response, maximum likelihood (PRML). The recovered 

3 data is then read into the cache buffer 55 where it is transferred to the host 

4 computer 54. The read/write channel 51 most preferably includes a quality 

5 monitor which measures the quality of recovered data and provides an indication 

6 of the data error rate. One channel implementation which employs channel error 

7 metrics is described in commonly assigned U.S. Patent No. 5,521 ,945 entitled 

8 "Reduced Complexity EPR4 Post-Processor for Sampled Data Detection" which 

9 is incorporated herein by reference. The present invention uses the indication of 

10 recovered data error to select linear bit density, track density and/or error 
n correction codes. 

12 

13 During a write operation, the host computer 54 remembers the address for 

14 each file on the disk surface 23 and which data sectors 35 are available for new 

15 data. The controller 57 operates the voice coil motor 20 in response to the servo 

16 information read back from the servo sectors 25 to position the head 16, settles 

17 the head 16 into a writing position, and waits for the appropriate data sector 35 to 

18 rotate under the head 16 to write the data. To write data on the disk surface 23, 

19 an electrical current is passed through a write coil in the inductive write element 

20 of the head 1 6 to create a magnetic field across a magnetic gap in a pair of write 

21 poles that magnetizes the disk surface 23 under the head 1 6. When the data 

22 track 30 is full, the controller 57 moves the head 16 to the next available data 

23 track 30 with sufficient contiguous space for writing data. If still more track 

24 capacity is required, another head 16 is used to write data to a data sector 35 of 

25 another data track 30 on another disk surface 23. 

26 

27 The present invention increases the storage capacity and yield of data 

28 storage devices, such as the disk drive 100, having magnetic media surfaces, 

29 such as the disk surfaces 23. 

30 
31 
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1 Vertical Zoning 

2 In every disk drive, there is a distribution associated with the head and 

3 disk surface pair performance. The present invention takes advantage of that 

4 distribution to determine different linear bit density (BPI) recording frequency 

5 assignments for the heads, and optionally track allocation. 

6 

7 A set of disk drives is selected, and head performance measurements are taken 

8 for each selected disk surface location in the disk drives at different frequencies. 

9 Empirical frequency capability histograms are extracted at a target performance 

10 metric from the measurement data. Head performance distributions (such as 
n joint BPI distributions) are estimated from the histograms and fed into a format 

12 optimizer to obtain and design vertically zoned frequency format profiles across 

13 the stroke and the disk surface as well as the optimal number of head allocations 
H to the frequencies. Once the frequency format profiles and the optimal number 

15 of head allocations are determined, during a test process, every head at every 

16 zone is assigned to one of the frequencies based on the head's performance. 

17 

18 FIG. 1 A shows a storage format for the disk drive 1 00. Each disk surface 

19 23 includes zones 60 that extend from one radius of the disk 12 to another radius 

20 of the disk 1 2, and the format of the zones 60 on each disk surface 23 is the 

21 same. The variable BPI storage format is a function of the zones 60 on each 

22 disk surface 23 based two data recording formats -- high data density and low 

23 data density - that use (1 ) head performance variation from one head 1 6 to the 

24 next head 16 in the disk drive 100, and (2) the performance variation of a given 

25 head 1 6 across the stroke of a disk surface 23. 

26 

27 The disk drive 100 includes the disks 12 depicted as disks 1 to N, the 

28 heads 16 depicted as heads 1 to 2N, and the disk surfaces 23 depicted as disk 

29 surfaces 1 to 2N. Each disk 12 includes two opposing disk surfaces 23, and 

30 each head 16 is associated with one of the disk surfaces 23. For instance, head 

31 1 is associated with disk surface 1 of disk 1 , head 2 is associated with disk 
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1 surface 2 of disk 1 , head 3 is associated with disk surface 3 of disk 2, and head 

2 2N is associated with disk surface 2N of disk N. 

3 

4 Each disk surface 23 includes the zones 60 depicted as zones 1 to M 

5 across its stroke, with zone 1 at the ID and zone M at the OD. The radial 

6 boundaries on zone 1 of disk surface 1 of disk 1 are the same as the radial 

7 boundaries of zone 1 on disk surface 2 of disk 1 , and so on. Similarly, the radial 

8 boundaries of zone M on disk surface 1 of disk 1 are the same as the radial 

9 boundaries of zone M on disk surface 2 of disk 1 , and so on. However, different 

10 zones 60 across the stroke on each disk surface 23 need not necessarily have 
n the same number of data tracks 30 or TPI. For example, zone 1 on disk surface 

12 1 of disk 1 has the same number of data tracks 30 and the same radial 

13 boundaries as zone 1 on disk surface 1 of disk N, and zone M on disk surface 1 

14 of disk 1 has the same number of data tracks 30 and the same radial boundaries 

15 as zone M on disk surface 1 of disk N. However, the number of data tracks 30 in 

16 zones 1 and M can be different. 

17 

18 Each disk surface 23 also includes virtual cylinders 39 depicted as virtual 

19 cylinders 1 to n. Each zone 60 includes multiple virtual cylinders 39, and each 

20 virtual cylinder 39 includes multiple data tracks 30 on each disk surface 23. 

21 Further, within a virtual cylinder 39, different heads 1 6 may read and write at 

22 different frequencies (variable BPI) to provide vertical zoning. 

23 

24 FIG. 1C shows the data tracks 30 and the servo tracks 37 on the disk 

25 surface 23. The data tracks 30 include the data sectors 35, and the servo tracks 

26 37 include the servo sectors 25. Five servo tracks 37 depicted as servo tracks 

27 Sa, Sb, Sc, Sd and Se are shown in relation to three data tracks 30 depicted as 

28 data tracks Tk1 , Tk2 and Tk3. 

29 

30 The servo tracks 37 are written on the disk surface 23 during 

31 manufacturing at a servo track density that is about 1 50% of the maximum data 
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1 track density. The servo track density is determined by the maximum read width 

2 and the minimum write width of a population of the heads 1 6. After writing the 

3 servo tracks 37 at the servo track pitch, the data tracks 30 can be written at any 

4 radial position between the servo tracks 37. The data track density (TPI) can be 

5 selected from predetermined levels or can be based on the location of a data 

6 sector 35. Additional tests can be performed to determine the optimum data 

7 track density of the disk surface 23. Each servo track 37 comprises radially 

8 similarly situated servo sectors 25 in the servo spokes. For example, the servo 

9 track Se contains servo sectors 25 at essentially the same radial distance from 

10 the center of the disk 12, the servo track Sd contains servo sectors 25 at 

1 1 essentially the same radial distance from the center of the disk 1 2, etc. 

12 

13 FIGs. 1 D to 1 1 show vertical zone formats in which different heads 16 on 

14 different disk surfaces 23 may read/write at different linear frequencies (variable 

15 BPI) on the data tracks 30 within a virtual cylinder 39. 

16 

17 FIG. 1 D shows a zone 60 format of the disk drive 1 00 with N disks 1 2, 2N 

18 heads 16 and different heads 16 in zone 1 on different disks 12. FIG. 1E shows 

19 another zone 60 format on the disk surface 23. FIG. 1 F shows each zone 60 on 

20 the disk surface 23 includes multiple virtual cylinders 39. Zone 1 includes virtual 

21 cylinders 1 to j, and zone M includes virtual cylinders 1 to i. The radial 

22 boundaries of the zones 60 are shown as dark circles, and the radial boundaries 

23 of the virtual cylinders 39 are shown as light circles. FIG. 1G shows a data track 

24 30 format for the virtual cylinders 39 in a zone 60 on different disk surfaces 23 

25 with corresponding heads 16. FIG. 1H shows a data track 30 and servo track 37 

26 format for a zone 60 on different disk surfaces 23 with corresponding heads 16 in 

27 which the number of data tracks 30 and servo tracks 37 in different virtual 

28 cylinders 39 of a zone 60 on different disk surfaces 23 is the same. FIG. 1 1 

29 shows a data track 30 and servo track 37 format for zones 60 on the disk surface 

30 23 with a corresponding head 16 in which the data track 30 and servo track 37 

31 format varies from zone 1 to zone M. 
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1 

2 Format Optimization 

3 The vertical zoning includes designing, optimizing and selecting two or 

4 more recording frequency profiles per zone for a sample number of disk drives 

5 off-line during the disk drive development/design phase. Then, for a population 

6 of disk drives, in each disk drive, each head is assigned to one of the 

7 predetermined frequencies for a given zone during the disk drive manufacturing 

8 phase. A predetermined read/write frequency (BPI) is assigned to each head 

9 based on a known number of head allocations and the head's performance. A 

10 head assigned to a high frequency records more bits on a track, and a head 
n assigned to a low frequency records less bits on a track. 

12 

13 Performance testing of the head and disk surface pairs occurs after full 

14 read/write and servo calibration and optimization of the disk drive. If the tested 
is performance of head 1 at zone 1 on disk surface 1 of disk 1 at a given frequency 
16 is better than a target performance metric, then head 1 is considered strong 

n since it is capable of storing more information than originally accounted for. 

18 Thus, the recording frequency can be increased at zone 1 on disk surface 1 of 

19 disk 1 for head 1 yet the performance does not fall below the target performance 

20 metric. If the tested performance of head 2 at zone 1 on disk surface 2 of disk 1 

21 at the same frequency is worse than a target performance metric, then head 2 is 

22 considered weak but can be compensated for by relaxing the frequency at which 

23 head 2 operates to ensure the target performance metric is met. Performing the 

24 above trade-off between the heads for all the zones provides frequency profiles 

25 across the stroke that are vertically zoned frequency format profiles without loss 

26 of storage capacity. 

27 

28 Advantageously, by compensating for head 2, rather than failing the disk 

29 drive due to head 2, the vertical zoning improves yield. Furthermore, the format 

30 optimizer uses the head performance (read/write frequency capability) 

31 distributions at every zone and a target performance metric to design a group of 
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1 read/write frequency format profiles for strong and weak heads within a given 

2 disk drive. The format optimizer also determines the optimal number of strong 

3 versus weak heads. 

4 

5 The format optimizer does not determine which specific head is at the high 

6 or low frequency, but does provide a breakdown of the number of heads at the 

7 high frequency and the number of heads at the low frequency. The breakdown is 

8 fixed, performed off-line, and used during the head assignments. Then, in the 

9 head assignments during a manufacturing test, out of 2N heads in a disk drive 

10 with N disks, the number of heads assigned to each predetermined frequency is 
n determined. 

12 

13 The heads within a set of disk drives are allocated to the predetermined 

14 group of read/write frequencies-as part of the optimization process to meet the 
is storage capacity and yield requirements for the disk drives. The allocation 

16 process allocates a number of the heads in a disk drive to the predetermined 

17 frequencies, however the specific assignment of a particular head to a particular 

18 frequency is performed later during the assignment process. For example, in a 

19 two read/write frequency design (high frequency and low frequency) for a set of 

20 disk drives each with eight heads, in each disk drive for zone 1 on all the disk 

21 surfaces, any five of the eight heads are allocated to the high frequency and any 

22 three of the eight heads are allocated to the low frequency based on the 

23 performance measurements of the heads in the set of the disk drives. 

24 Thereafter, the specific assignment of each particular head to a particular 

25 predetermined frequency is performed. For example, in a first disk drive heads 

26 2, 5, 6, 7, 8 are assigned to the high frequency and heads 1 , 3, 4 are assigned to 

27 the low frequency, whereas in a second disk drive heads 1,4,5,6,7 are 

28 assigned to the high frequency and heads 2, 3, 8 are assigned to the low 

29 frequency. The specific head assignments depend on the specific capability of 

30 the heads in each disk drive. 

31 
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1 The optimal number of heads per frequency is determined at the same 

2 time that the group of read/write frequencies are selected by the format optimizer 

3 by solving a joint constrained optimization problem. For example, in a disk drive 

4 with eight heads and a high frequency and a low frequency that are each a 

5 different ratio of a reference frequency, in each vertical zone, allocating two 

6 heads to the high frequency and six heads to the low frequency provides a 

7 specific storage capacity. Changing the frequency ratios and the number of 

8 heads allocated to each frequency provides a different storage capacity. Thus, 

9 the disk drive storage capacity is a function of the number of heads multiplied by 

10 the frequency allocated to each head per zone. For example, if a nominal disk 
n surface data storage is 1 unit, and if the high frequency = 4/3 x the reference 

12 frequency and the low frequency = 2/3 x the reference frequency, then one head 

13 can be at the high frequency for every one head at the low frequency to maintain 

14 the average disk surface data storage at 1 unit. 

15 

16 The head performance distributions represent percentages of the heads in 

17 the disk drives than can operate at different frequencies. For example, the head 

18 performance distribution is a BPI distribution that represents the head frequency 

19 capability at a target performance metric. Using the head performance 

20 distributions (the head read/write frequency capability distributions at the target 

21 performance metric for every zone), the number of heads, the format of the 

22 virtual cylinders and the desired storage capacity, the format optimizer 

23 determines the frequency for each virtual cylinder in each zone and the number 

24 of heads in each disk drive allocated to each frequency to achieve the desired 

25 storage capacity. Thereafter, in the assignment process as part of testing each 

26 disk drive, each head in a population of disk drives is assigned to one of the 

27 predetermined frequencies based on the allocation criteria and the specific head 

28 performance. For example, in a disk drive with four heads, the format optimizer 

29 considers three heads at the high frequency and one head at the low frequency, 

30 then two heads at the high frequency and two heads at the low frequency, and 

31 then one head at the high frequency and three heads at the low frequency. 
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1 Thus, the format optimizer uses the head performance distributions to determine 

2 the storage capacity and yield. 

3 

4 In one version of the optimization process, the yield is maximized while 

5 meeting a constraint on storage capacity. In another version, the storage 

6 capacity is maximized while meeting a constraint on yield. In the former case, 

7 the format optimizer uses a format where the maximum number of disk drives 

8 qualify and the fewest number of disk drives fail to reach the required storage 

9 capacity. For example, in a disk drive with four heads and a nominal disk surface 

10 data storage of 1 unit, allocating two heads to the high frequency and two heads 
n to the low frequency provides a nominal data storage of 4 units. In the later 

12 case, the format optimizer uses a format where the maximum number of disk 

13 drives reach the required storage capacity and the fewest number of disk drives 
H fail to qualify. For example, in a disk drive with four heads and a nominal disk 

15 surface data storage of 1 unit, allocating three heads to the high frequency and 

16 one head to the low frequency provides a high data storage of 4.66 units. 

17 

18 Thus, the vertical zoning for variable BPI includes an off-line 

19 predetermined per zone format design based on disk drive data collection and 

20 head performance distribution extraction. In one version, a fixed predetermined 

21 zone boundary format is used to design multiple frequency BPI formats based on 

22 representative or actual joint BPI distributions at one or more desired target 

23 performance metrics (such as off-track symbol error rate) and the joint BPI 

24 distributions are extracted from a finite preselected set of disk drives. 

25 

26 The collected data is used to extract the joint BPI distributions for the 

27 heads at every preselected zone, and the per zone design of high and low data 

28 density formats for the heads is performed off-line. The format optimizer solves a 

29 constrained joint optimization off-line to obtain the format designs using well- 

30 known constrained optimization routines. Using joint BPI distributions allows 

31 consideration of potential correlation of BPI capability of the heads across the 



15 



Docket Q01-1006-US1 

1 stroke as well as the individual contribution of each head to the storage capacity 

2 and yield. 

3 

4 The off-line format design allows the format optimizer to consider 

5 additional constraints. For example, as more information is obtained in 

6 quantifying the thermal stability constraints of the disks (which in turn places an 

7 upper bound on linear bit density for the heads) the off-line format design does 

8 not exceed these constraints. Likewise, if there are data rate constraints in either 

9 the write process or the ASICs, such constraints may be cast within the joint 

10 constrained format optimizer to ensure the constraints are not exceeded, 
n 

12 Data Measurement 

13 A measurement procedure is used to collect data from which one- 

14 dimensional (1 D), two-dimensional (2D) and three-dimensional (3D) BPI 

15 distributions at a desired read/write target error rate (or any other metric) can be 

16 extracted. Data is collected based on head capability measurements taken at 

n different radial positions on the disk. The distributions represent the capability of 

18 each head at different radial positions. For example, several disk drives which 

19 collectively include 1000 heads are selected for measurement, and 

20 record/playback error rate measurements of the 1 000 heads from zone 1 to zone 

21 24 of the disk surfaces at different frequencies are obtained. Thereafter, in post- 
22 measurement data processing (a) the BPI capability of each head at a fixed 

23 target performance metric at zone 1 is determined to obtain a 1 D BPI distribution, 

24 (b) the BPI capability of each head at a fixed target performance metric at zones 

25 1 and 5 is determined to obtain a 2D BPI distribution, and (c) the BPI capability of 

26 each head at a fixed target performance metric at zones 1 , 5 and 20 is 

27 determined to obtain a 3D BPI distribution. 

28 

29 The BPI distributions are then passed to the format optimizer to solve 

30 three constrained optimization problems to provide head frequency per zone 

31 allocations. The three constrained optimization problems (1 ) maximize the yield 
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1 while preserving the storage capacity, (2) maximize the storage capacity while 

2 preserving the yield, and (3) maximize the yield while ensuring a target storage 

3 capacity is met at a fixed target TPI. Customer related or ASIC data rate 

4 constraints are also considered. The format optimizer can solve any of these 

5 three problems, and one problem can take priority over another depending on the 

6 process phase. For example, at an early development phase where the disk 

7 drive components are not mature, meeting the storage capacity may be a 

8 challenge. In that phase, the format optimizer can design the variable BPI format 

9 profiles by solving the second problem. Then, as the disk drive components 

10 mature, meeting the storage capacity becomes easier and meeting the yield 

n becomes more important, the first problem may be solved. Thereafter, as part of 

12 a test process, an assignment algorithm ensures the appropriate head 

13 assignments to the predetermined high and low data density formats per head 

H and per zone or across the stroke based on the head allocation breakdown of the 

15 format optimizer. 

16 

17 The yield is improved while meeting the target storage capacity by 

18 allowing a frequency format with high and low frequencies and a predetermined 

19 number of high and low performing head allocations. Using realistic constraints 

20 such as ASIC data rate limitations, the same fixed target TPI is maintained by 

21 increasing the average target BPI across the stroke to achieve the target storage 

22 capacity. As such, head performance variation from one head to the next head 

23 in the disk drive and for the head across the stroke of the disk surface is used to 

24 increase the storage capacity while preserving the yield. For example, the 

25 vertical zoning format uses several design constraints to improve yield using a 

26 variable high and low BPI design with a fixed predetermined number of head 

27 allocations as a function of the zones while meeting the target storage capacity at 

28 a fixed target TPI. The head performance variation or correlation across the 

29 stroke is also used. 

30 
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1 Further, the difference in data storage of two or mores zones on a disk 

2 surface is considered as it affects storage capacity. The storage capacity is 

3 defined as a weighted combination of the zone capacities across the stroke on 

4 each disk surface in the disk drive. A correlation in the head performance 

5 statistics is extracted from one head to another head, and for every head 

6 considered in a set of disk drives across the stroke on each disk surface. 

7 

8 The joint constrained optimization determines a per zone target high and 

9 low data density format. The optimization takes into account constraints 

10 including customer related requirements such as minimum logical block count, 
n monotonic data rate, and maximum data rate at the outer zones which can be 
12 formulated into additional constraints. 

13 

14 Example Implementation 

15 FIG. 2A shows a function and flow diagram for generating the optimal data 

16 density format shown in FIG. 1 A. The function and flow diagram includes a data 
n measurer 62, a post-measurement data processor 64, a format optimizer 66 and 
18 a format generator 68. 

19 



20 Data Measurer 

21 The data measurer 62 takes data measurements for every zone at a finite 

22 number of frequency samples. 

23 

24 The data measurer 62 implements a measurement procedure that 

25 includes the steps of: 

26 (1 ) Create several different predetermined linear bit density format 

27 profiles including a profile of different frequencies per zone across the stroke, 

28 such as a first profile including high frequency 1 for zone 1 , high frequency 2 for 

29 zone 2 . . . high frequency M for zone M, and a second profile including low 

30 frequency 1 for zone 1 , low frequency 2 for zone 2 . . . low frequency M for zone 

31 M to be loaded on a representative number of disk drives selected for the 
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1 measurement process (or if possible on all the available disk drives for that 

2 build); 

3 (2) Load a frequency format profile; 

4 (3) Perform read/write and servo optimization and calibration; 

5 (4) Take head performance measurements including off-track mean 

6 square error or quality metric and/or symbol error rate at preselected frequencies 

7 for preferably all available zones and save the data; and 

8 (5) Repeat steps 2-4 for the remaining frequency format profiles. 

9 

10 The above steps are performed for the selected disk drives in the 

1 1 measurement process. 

12 

13 Thus, in the disk drive 1 00, the data is recorded on a data sector 35 of the 



14 disk surface 23 at the selected data density by positioning the head 16 abutting 

15 the data sector 35 and sending the appropriate write signals to the head 16. 

16 Typically, a sample of data is recorded on the disk surface 23 such that a 
n significant number of errors are detected (such as ten errors per error rate 

18 measurement) to obtain a statistically representative sampling of the error rate 

19 for the data sector 35. Thereafter, the recorded data is read by the head 16 and 

20 stored by the host computer 54 for evaluation. An error rate of the recorded data 

21 is measured or compiled by comparing the written data with the read data, 

22 element-by-element. The error rate can be determined using a bit error 

23 measurement in which a bit of data read from the disk surface 23 is compared 

24 with the correct bit, a bit steam measurement in which a bit stream of data read 

25 from the disk surface 23 is compared with a correct bit stream, or a mean square 

26 error metric measurement in which a waveform read from the disk surface 23 is 

27 compared with an ideal waveform to provide an error signal that is squared and 

28 summed to form the error metric. 

29 

30 In this description, a component distribution is defined as a random 

31 variation (tolerance) of a prespecified target nominal component parameter such 
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1 as a head write/read width, and a distribution is defined as a probability 

2 distribution function. During the early product development, when the head 

3 performance distributions are wide and unreliable, data from a mature set of disk 

4 drives is used for extracting reference joint BPI distributions at a target 

5 performance metric such as on-track symbol error rate, off-track symbol error 

6 rate, on-track mean square error or off-track mean square error. Later, when the 

7 head performance variation from one phase to the next in the distribution is 

8 expected to be minimal, new sets of measurement data are collected using a 

9 selected population of disk drives at their more mature stages. 

10 

n Thus, a number of BPI formats including the nominal target format are 

12 selected. Then, on-track or off-track symbol error rate or mean square error 

13 measurements are taken at different preselected locations of the disk surfaces, 

14 such as the outer, middle and inner zones. The performance measurements can 

15 be limited to these three zones to reduce the measurement time. However, 

16 preferably the performance measurements over multiple zones and other 

n measurements such as off-track 747 can be performed. The nominal formats are 

18 generated from the data. 

19 

20 Two or more different linear bit density format profiles can be loaded at a 

21 time. In one example, two variable BPI format per zone design (high and low 

22 data density format profiles) can be created for measurement data collection 

23 during every build. In this way, more statistical data can be collected from more 

24 disk drives, however there will be only two frequency samples per zone available 

25 for post-measurement data processing. 

26 

27 Post-Measurement Data Processor 

28 Post-measurement data processor 64 uses the available performance 

29 metric measurements to calculate each head's frequency performance, for 

30 instance as kilo flux per inch (kFCI) or kilo bits per inch (kBPI), at a target 
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1 performance metric. The performance of every head at every zone is determined 

2 as a function of the read/write frequency profiles used for the measurements. 

3 

4 For example, if six different frequency profiles are used, then for every 

5 head per zone, the data measurer 62 provides measured data as a function of 

6 six frequency samples at a target performance metric. In the post-measurement 

7 data processor 64, the measured data is sorted and the performance of every 

8 head at every zone at the six frequency samples is extracted to generate 

9 frequency capability histograms at a target performance metric. 

10 

n FIG. 2B shows a graph of playback error measurement for a head at a 

12 zone at different recording frequencies. The curve shows head performance as 

13 a function of frequency (BPI). The x-axis is the read/write frequency in kBPI at 

14 the outer diameter, and the y-axis is the on-track symbol error rate on a log 

15 scale. Each frequency sample 70 is depicted as "+", each curve fit point 72 is 

16 depicted as "o" and each projected frequency 74 is depicted as "0". 

17 

18 In the illustration, head 1 at zone 1 in disk drive 3 is measured at six 

19 frequency samples. The curve is generated using a least square polynomial fit to 

20 the six frequency samples. The projected frequency (BPI) for a target on-track 

21 symbol error rate is extracted from the curve by interpolation or extrapolation. 

22 For example, if the target on-track symbol error rate is 10" 8 then the projected 

23 frequency is determined by interpolation, whereas if the target on-track symbol 

24 error rate is 10" 6 then the projected frequency is determined by extrapolation. 

25 The on-track symbol error rate varies as a function of frequency and increases as 

26 the frequency increases. 

27 

28 The nominal kBPI (before vertical zoning) and the kBPI gain relative to the 

29 nominal kBPI are also shown. Head 1 can be classified as a strong head 

30 because there is reasonably significant margin before its on-track symbol error 

31 rate of -9.1 (log) at a nominal frequency/kBPI of ~ 188 can be changed to a 
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1 projected on-track symbol error rate of -6.22 at a frequency/kBPI of ~ 217. 

2 Hence, there is a total kBPI gain of ~ 29, allowing the nominal frequency to 

3 increase by 15% while meeting the target on-track symbol error rate performance 

4 metric of 6x1 0" 7 . Thus, head 1 of disk drive 3 has a frequency capability of about 

5 21 7 at the target on-track symbol error rate of 6x1 0" 7 , which provides a sample 

6 for the generation of a histogram. 

7 

8 FIG. 2C shows a histogram of the frequency capabilities of the heads in a 

9 set of disk drives at a zone at a target performance metric. The histogram 76 is 

10 constructed using the projected frequencies determined in FIG. 2B for the heads 
n in the selected disk drives reading from zone 1 at the target on-track symbol error 

12 rate of 6x1 0" 7 . The x-axis is the projected frequency capability at the outer 

13 diameter, and the y-axis is the number of heads. The histogram is extracted and 

14 empirical, has a normal distribution fit and has a width that corresponds to the 

15 head performance variation. 

16 

17 Additional histograms are constructed for the remaining zones based on 

18 the frequency capabilities determined from the graphs based on the performance 

19 measurements taken at the remaining zones so that every available head 

20 considered in the disk drives under measurement has BPI histograms at a target 

21 performance metric per zone. 

22 

23 Thus, performance measurements are provided for each head at each 

24 zone in the selected disk drives, the graphs are generated for each head at each 

25 zone, the frequency capabilities for each head at each zone are determined for a 

26 target performance metric, and the histograms are constructed for each head at 

27 each zone for the target performance metric. Likewise, if a histogram of head 

28 BPI capability at a target performance metric of a zone (such as an intermediate 

29 zone) is not available then the histogram for that zone can be constructed by 

30 interpolation or extrapolation. The histograms can be used to estimate a BPI 

31 distribution. 
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1 

2 FIG. 2D shows a joint BPI distribution calculated from the histograms of 

3 the heads in the measured disk drives at a target performance metric. The joint 

4 BPI distribution is a 2D distribution based on the histograms in FIG. 2C at the 

5 target on-track symbol error rate of 6x1 0" 7 . The x-axis is the BPI capability of the 

6 heads at the middle diameter (MD) of the disks, the y-axis is the BPI capability of 

7 the heads at the outer diameter (OD) of the disks, and the z-axis is the calculated 

8 number of heads divided by the total number of heads. The joint BPI distribution 

9 provides an estimate of the probability that the heads meet the target 

10 performance metric at the MD and the OD. 
n 

12 The joint BPI distribution may predict, for example, that 10% of the heads 

13 in the measured disk drives can operate at a high frequency of 1 .5 x the 

14 reference frequency, 50% of the heads can operate at a high frequency of 1 .25 x 
is the reference frequency, 90% of the heads can operate at the reference 

16 frequency, and 99.9% of the heads can operate at a low frequency of 0.75 x the 

n reference frequency. 

18 

19 For example, the linear bit density sensitivity of every head at zone K 

20 (where K ranges from 1 to M) at the six frequency samples is determined. If 

21 frequency 1 K, frequency 2K . . . frequency 6K are the frequency samples at zone 

22 K, every head is positioned on the same track in zone K and the record/playback 

23 performance of each head is measured at every frequency sample using a target 

24 performance metric. 

25 

26 The BPI distributions can be calculated at the target performance metric 

27 as ID, 2D or 3D distributions that are marginal, individual or per zone 

28 distributions, respectively. The format optimizer uses the estimated frequency 

29 capability BPI distributions for every zone at the target performance metric to 

30 determine the storage capacity and yield. 

31 



23 



Docket Q01-1006-US1 

1 Format Optimizer 

2 The format optimizer 66 provides variable BPI optimization. The format 

3 optimizer 66 solves three constrained optimization problems in response to 

4 various inputs. The first problem maximizes the yield while preserving the 

5 storage capacity, the second problem maximizes the storage capacity while 

6 preserving the yield, and the third problem maximizes the yield while reducing 

7 the track density and meeting the storage capacity. The inputs include the 

8 number of different read/write frequencies (frequency profiles or formats), the 

9 number of heads in each disk drive, the BPI distributions, and the nominal 

10 storage capacity. The BPI distributions indicate the frequency capability 
n distribution of the heads at a target performance metric. 

12 

13 The format optimizer 66 simultaneously searches through a continuous range of 

14 all possible frequency capabilities to maximize the yield such that the nominal 

15 storage capacity is met. The format optimizer 66 can also perform the same 

16 operation with the storage capacity and the yield interchanged. 

17 

18 The format optimizer 66 can optimize high and low data density as a 

19 function of the zones. For example, in a disk drive with eight heads, the 

20 possibilities are one head at high data density and seven heads at low data 

21 density, two heads at high data density and six heads at low data density, three 

22 heads at high data density and five heads at low data density, four heads at high 

23 data density and four heads at low data density, one head at low data density 

24 and seven heads at high data density, two heads at low data density and six 

25 heads at high data density, and three heads at low data density and five heads at 

26 high data density. The format optimizer 66 considers all the combinatorial 

27 possibilities, in each case solves a constrained optimization problem and 

28 chooses the optimal solution among the possibilities. Alternatively, the format 

29 optimizer 66 can reach the optimal solution more directly by non-linear mixed- 

30 integer programming. 

31 
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1 Therefore, once the 1D, 2D and 3D BPI distributions at a target 

2 performance metric are passed to the format optimizer 66, the format optimizer 

3 66 solves two problems, (1 ) maximizing or improving the yield due to the target 

4 performance metric while meeting the desired nominal storage capacity, and (2) 

5 maximizing the storage capacity while meeting the desired nominal yield. 

6 

7 The format optimizer 66 mathematically casts these two problems as 

8 constrained optimization problems and solves them using well-known 

9 optimization techniques such as a line search algorithm. The constrained 

10 optimization problems can also be cast as non-linear mixed-integer programming 
n and solved using existing optimization methods. Example constraints to be 

12 considered, and cast mathematically within the format optimizer 66, include not 

13 exceeding a certain frequency at the outer diameter due to ASIC data rate 

14 limitations or at the inner diameter due to head/disk limitations. Furthermore, 

15 closed form equations are derived and used in the format optimizer 66 to 

16 estimate the storage capacity and yield. The format generator 66 also considers 
n possible overhead such as adding redundant bits due to error correction coding 
18 or gray coding. 

19 

20 The format optimizer 66 also uses information from the format generator 

21 68 such as the calculated format efficiency per zone (defined in percentages as 

22 the amount of user data in blocks that can fit in all tracks in a zone), or the 

23 number of tracks per zone, to achieve a very close estimate of the storage 

24 capacity determined by the format generator 68. Then, the format optimizer 66 

25 calculates optimal linear bit density format profiles as well as the optimal number 

26 of heads allocated to each vertically zoned format profile. 

27 

28 For example, histograms are extracted and the corresponding BPI 

29 distributions are estimated for different zones at the target on-track symbol error 

30 rate of 6x1 0" 7 . A format design is provided for a disk drive with four heads and 

31 two frequencies to optimize yield while meeting storage capacity. 
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1 

2 For example, the format optimizer 66 uses the 1 D, 2D and 3D BPI 

3 distributions at the target performance metric to jointly optimize for vertically 

4 zoned frequency format profiles and the corresponding number of head 

5 allocations three zones at a time. An advantage of considering three zones 

6 instead of one zone, and thus joint optimization instead of individual optimization, 

7 is that the joint optimization allows the frequency profiles to be optimized across 

8 the stroke on each disk surface. Therefore, joint optimization exploits the 

9 potential correlation in performance from one zone to another zone as well as 

10 their individual and weighted contribution to the storage capacity. Joint 

n optimization is preferable for a high/low data density format across the stroke for 

12 either improving the yield while keeping the same storage capacity or improving 

13 the storage capacity while preserving the yield. 

14 

15 The format optimizer 66 generates the target high/low BPI formats per 

16 zone, the optimal number of head allocations per format, and an estimate of the 

17 storage capacity and yield. The accuracy of the estimates can be sensitive to the 

18 underlying BPI distributions at the target performance metric. Further, the target 

19 high/low BPI formats can be sensitive to the variance of the BPI distributions. 

20 And, the variance of the BPI distributions can be sensitive to the absolute value 

21 of the target performance metric and the type of target performance metric. In 

22 addition, the target high/low BPI formats are designed three zones at a time and 

23 the yield improvement while preserving the storage capacity is based on the 

24 profile of the target nominal formats. The format optimizer 66 also allows for 

25 smoothing the target variable BPI format designs. The format generator 68 

26 determines the number of tracks per zone, the number of blocks per track, the 

27 radius at each zone, as well as block and track format efficiency. This 

28 information is saved in output files for use with the format optimizer 66. The 

29 format optimizer 66 then saves the target high/low BPI formats per zone that it 

30 generates in two separate files that can be loaded into the format generator 68. 

31 
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1 Once the target format profiles are calculated, if they are non-smooth 

2 across the stroke, optionally a smoothing process is applied. The format profiles 

3 are then loaded into the format generator 68 to create vertically zoned formats 

4 and configuration pages. The formats and configuration pages are used by the 

5 disk drive firmware to create binary files to be loaded into the reserve image of 

6 the disk drives as part of the file system. In this fashion, the design and 

7 implementation of the format profiles as well as the number of optimal head 

8 allocations are performed off-line and are predetermined for every disk drive 

9 configuration. 

10 

n For example, in a disk drive with four heads and four disk surfaces on two 

12 disks, the format optimizer 66 designs vertically zoned high and low frequency 

13 profiles. Every disk surface is uniformly partitioned into three zones across the 

14 stroke, at a track density with a fixed number of tracks per zone, vertically aligned 
is from one disk surface to another. The nominal disk surface data storage before 

16 the vertical zoning can be approximated by the sum over all the zones of the 

17 nominal tracks per zone multiplied by the nominal BPI per track multiplied by the 

18 format efficiency per zone. Format efficiency per zone is the percentage of the 

19 user data that is effectively stored per zone. The nominal storage capacity is the 

20 nominal disk surface data storage multiplied by the total number of disk surfaces 

21 (or heads). The nominal number of tracks per zone and the format efficiency per 

22 zone can be generated by the format generator 68. 

23 

24 Performing vertical zoning to improve the yield without losing storage 

25 capacity finds the best frequency per zone and per head such that the disk drive 

26 meets performance and storage capacity requirements. If a disk drive with four 

27 heads fails due to the performance of head 1 at zone 1 , but the performance of 

28 another head/zone pair, such as head 1 at zone 2 or head 3 at zone 1 , is 

29 significantly better, passing the tests with reasonable margins, then a higher than 

30 nominal frequency at zone 1 or zone 2 is designed for the strong heads and the 

31 frequency at zone 1 for the weak head is lowered. This trade-off obtains a 
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1 vertically zoned design of variable frequencies per zone such that the storage 

2 capacity is preserved. In addition, the number of heads per zone allocated to 

3 high or low data density is determined. Thus, the storage capacity can be 

4 approximated by the sum over all the zones of the number of strong heads 

5 multiplied by the high frequency data storage per zone multiplied by the format 

6 efficiency per zone plus the sum over all the zones of the number of weak heads 

7 multiplied by the low frequency data storage per zone multiplied by the format 

8 efficiency per zone. 

9 

10 For example, the format optimizer 66 is provided with joint BPI 

n distributions at the target performance metric. Then, for every combinatorial 

12 possibility of head allocation to high or low frequency, the format optimizer 66 

13 searches through a continuous range of possible frequencies by considering 

14 every zone independently using the marginal distributions and by the 

is combination of zones using the joint BPI distributions to maximize the yield 

16 calculated using a closed form equation, such that the storage capacity after the 

17 vertical zoning is applied is essentially the same as the nominal storage capacity. 

18 Further, the optimal high and low frequency profiles for every combination of 

19 head allocations is compared and the one that results in the highest yield is 

20 chosen and passed to the format generator 68 for the generation of vertically 

21 zoned configuration pages to be used by the disk drive firmware. 

22 

23 The disk surfaces can be partitioned into more than three zones. To 

24 reduce computational complexity and time, if the selected/designed number of 

25 zones per disk surface is more than three, the format optimizer 66 can generate 

26 high and low frequency profiles three zones at a time and smooth the profile after 

27 post-processing. Another approach includes embedding the smoothing operator 

28 in the design and extending the joint optimization to all the zones to consider the 

29 impact of smoothing to yield calculation as part of the design rather than the later 

30 stages. 

31 
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1 In the disk drive with four heads, the yield is maximized while preserving 

2 the nominal storage capacity. To determine the number of head allocations, the 

3 format optimizer 66 begins with one weak head and three strong heads per zone. 

4 The format optimizer 66 searches through a continuous range of possible 

5 frequency capabilities per zone, as well as two and three zones at a time, by 

6 considering the 1 D, 2D and 3D BPI distributions that result in the best calculated 

7 yield such that a minimum nominal storage capacity can be obtained. Next, the 

8 format optimizer 66 uses two weak heads and two strong heads and repeats 

9 solving the constrained optimization problem. This process is continued until all 

10 the combinatorial possibilities are considered. Finally, the format optimizer 66 
n chooses the solution that results in the best yield and provides the target high 

12 and low optimal data density format profiles and the associated number of high 

13 and low head allocations to the format generator 68. The format generator 68 

14 then generates vertically zoned format files and configuration pages to be used 

15 by the disk drive firmware. 

16 

n Format Generator 

18 The format generator 68 generally performs three functions. First, the 

19 format generator 68 uses target formats/frequencies (or linear densities/BPI) for 

20 each zone and calculates the data storage of each zone and thus the storage 

21 capacity of the disk drive. Second, the format generator 68 calculates the format 

22 efficiency (the percent of the disk surface that is occupied by user data) for each 

23 zone. Third, the format generator 68 generates configuration pages. The 

24 configuration pages contain per-drive, per-zone, and per-head-per-zone 

25 parameters that are programmed into the disk drive electronics such as the 

26 preamplifier 21 , the read/write channel 51 and the controller 57. The parameters 

27 are ordered such that the disk drive firmware selects the correct set of 

28 parameters to be programmed into each of the components for the particular 

29 head and zone that is being written to or read from at the time. 

30 
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1 The format generator 68 calculates the frequency and the data storage of 

2 each zone taking into consideration limitations in the programmability and the 

3 capability of the disk drive components. For example, the heads 1 6 have varying 

4 down-track separation between the read and write elements, the preamplifier 21 

5 has a minimum and maximum delay in turning on the write current, the read/write 

6 channel 51 synthesizer frequencies are limited to discrete frequencies, the motor 

7 driver 53 can keep the spindle motor 14 within a finite precision of the nominal 

8 rotational speed, the controller 57 has specific latencies in generating commands 

9 to the preamplifier 21 and the read/write channel 51 often with a finite uncertainty 

10 as to the exact timing of these commands, and a reference crystal (not shown) 
n has finite accuracy and stability over temperature. 

12 

13 The format generator 68 can be fully automated, or can be directed by a 

14 human operator. In the absence of input from the format optimizer 66, the target 
is per-zone BPI/frequency profiles, in particular, must be generated by a human 

16 operator. In general, the human operator modifies the target frequency profiles 

n until the desired storage capacity is reached. 

18 

19 The format generator 68 includes a format efficiency process that uses the 

20 format optimizer 66 target high/low variable BPI format designs as well as the 

21 optimal predetermined number of high/low performing head allocations to modify 

22 and generate the appropriate configuration pages as part of the file system. For 

23 each zone, the format generator 68 selects the nearest frequency to the target 

24 frequency for that zone, given the component limitations mentioned above. The 

25 nearest frequency provides the target formats. 

26 

27 The optimal predetermined number of high/low performing head 

28 allocations comprises the number of heads allocated to each of the multiple 

29 frequencies in each zone. The format optimizer 66 determines the head 

30 allocation, which is input to the format generator 68. The capacity of a zone 
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1 depends on the target frequencies and the number of heads allocated to each 

2 frequency. 

3 

4 The format optimizer 66 uses the nominal average BPI or frequency 

5 (nominal BPI format target designs) (e.g., one read/write frequency) in each zone 

6 from the format generator 68 to estimate the yield before applying the variable 

7 BPI designs. For a design with multiple frequencies per zone, this is the 

8 weighted average by the number of allocated heads of the multiple frequencies. 

9 The nominal format is created by a human operator working with the format 

10 generator 68 in an interactive manner, 
n 

12 The format generator 68 calculates the number of tracks per zone, 

13 number of blocks per track, radius at each zone as well as block and track format 

14 efficiency to calculate the zone data storage. The format optimizer 66 estimates 
is the zone data storage using the tracks per zone, radii, and format efficiency. 

16 Thus, the format optimizer 66 and the format generator 68 interact as shown in 

n FIG. 2A. For example, in a disk drive with four heads, and two data density 

18 format frequency profiles (high and low frequency profiles) with three zones 

19 across the disk surface, after the measurement and optimization processes, the 

20 format generator 68 is provided with two optimal frequency profiles and the 

21 optimal allocation of the heads. The format generator 68 then calculates the 

22 storage capacity, and if the disk drive meets the minimum required storage 

23 capacity, the format generator 68 generates the configuration pages for the disk 

24 drive firmware. The configuration pages are used by the disk drive firmware to 

25 command the head to write at an assigned frequency to a zone. If the calculated 

26 storage capacity does not meet the minimum required storage capacity, the 

27 format optimization is performed again with new format efficiency values and the 

28 process is repeated. 

29 
30 
31 
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1 Head Assignments 

2 Allocating the number of heads to the predetermined multiple frequencies 

3 in a zone, and assigning a particular head in a particular disk drive to a particular 

4 frequency, are distinct. The allocation is performed by the format optimizer 66 

5 and applies to the disk drives of a particular design. The head assignments are 

6 then performed during manufacturing as part of a test process undergone by 

7 each disk drive to be produced. 

8 

9 Once the configuration pages are generated and converted to binary files 

10 as part of the file system, they can be loaded into a reserved image of the disk 

1 1 drive for use after power cycling. Then, for every disk drive, the assignments are 

12 performed per head and per zone to assign a predetermined number of heads to 

13 high BPI formats and the remaining heads to low BPI formats in a two frequency 
H design, to satisfy the allocation of heads to the formats by the format optimizer 
15 66. 

16 



17 The head assignments for the two frequency format where high and low 

18 frequencies are used includes the steps of: 

19 (1 ) Load default parameters from the configuration pages, and 

20 calibrate selected parameters on a per head, per zone basis (e.g., load high BPI 

21 format profile for all the zones across the stroke); 

22 (2) Take measurements from the heads at the disk surfaces at 

23 preselected zones with respect to a target performance metric; 

24 (3) For each head in every measured zone, sort/rank the heads by the 

25 target performance metric from best to worst, select a prespecified (by the 

26 allocation process in the format optimizer 66) number of heads with the best 

27 performance, and assign those heads to the high frequency for a particular zone; 

28 (4) Optionally interpolate between the measurements obtained from 

29 the preselected number of zones to find the results for the other zones, and do 

30 the same for the interpolated zones. The interpolation reduces the test time. 

31 Head performances are measured, sorted and assigned to a frequency for a 
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1 subset of the total number of zones. For the remaining zones, the heads are 

2 assigned by interpolating the head assignments from the measurements; 

3 (5) For every zone, save the worst prespecified number of weak heads 

4 with respect to the target performance metric; and 

5 (6) For every zone, load and calibrate the weak heads with the low BPI 

6 format. 

7 

8 The above process can improve storage capacity, improve yield and 

9 tradeoff between storage capacity and yield. In a test, the heads can pass or fail 

10 with respect to a target performance metric to determine if the test target limits 
n are met. 

12 

13 The disk drive firmware is extended to load more than one format profile. 



14 A head can be assigned a different read/write frequency per zone across a disk 

15 surface, and radially similarly situated zones on different disk surfaces can have 

16 different read/write frequencies assigned to the corresponding heads whereby 

17 one head is assigned a different frequency/format profile than another head. 

18 

19 The head assignments apply to a format design with two recording 

20 frequencies per zone, but can be easily extended to more than two frequencies 

21 per zone and can be iterated to assign heads to more than two frequencies per 

22 zone. For example, in a design with H heads and F frequencies per zone, steps 

23 1 and 2 are completed for the high frequency. The first selection of heads in step 

24 3 assigns the highest hi heads, where hi is the prespecified number of heads 

25 allocated to the highest frequency for that zone. The remaining (H - hi ) heads 

26 are then loaded and calibrated with the second highest frequency (step 1 again), 

27 measurements are taken (step 2 again), the heads are ordered relative to the 

28 metric and the best h2 heads are assigned to the second highest frequency (step 

29 3 again). Here h2 is the prespecified number of heads allocated to the second 

30 highest frequency in the zone. Steps 1-3 are then iterated for the (H - hi - h2) 

31 heads, followed by the (H - hi - h2 - h3) heads, and so on, until hF heads 
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remain to be assigned to the lowest frequency. The set of {hi ... hF} heads 
receive the head allocation made by the format optimizer 66. 

Table 1 illustrates the vertical zoning head assignments on a disk drive 
with six heads and five zones across the stroke on each disk surface. Each head 
is assigned to either a high or low data density format based on record/playback 
performance of that head, and the number of heads assigned to high data 
density and the number of heads assigned to low data density is according to the 
head allocation determined by the format optimizer 66. 
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Table 1 - Example format assignment of a disk drive after test using vertical 
zoning with variable BPI across zones. 

FIG. 3 shows a flowchart of vertical zoning data collection that includes 
the steps of: 



(1) 

(step 300); 
(2) 



Select a number of disk drives for data measurement/collection 



Create a nominal linear bit density profile KFCI (nominal KFCI): 



kFCI (R) , where R is the disk radius (step 302); 
(3) Create more linear bit density profiles by multiplying the nominal 
KFCI by the scaling factor Xj (step 304): 



(l±jc ( >kFCl(iO 
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i (4) Create a binary file system for every generated profile (step 306): 

ie{\,-,N} 

2 

3 where N is the total number of frequency format profiles, for 

4 example, for N = 2, having Xl and X 2 , if Xi = 0.05 and X 2 = 0.1 , then including 

5 the nominal frequency format there are five different frequency profiles in step 

6 304 as follows: (a) nominal KFCI, (b) 1 .05 x nominal KFCI, (c) 0.95 x nominal 

7 KFCI, (d) 1 .1 x nominal KFCI, and (e) 0.90 x nominal KFCI; 

8 (5) Select the first head by setting /' to 1 (step 308); 

9 (6) Load the file system /' into the reserved image of the disk drives 

10 (step 310); 

n (7) Take the head performance measurements (step 312); 

12 (8) Unload and save the results in the data base (step 314); 

13 (9) Increment /' by one (step 316); 

14 (10) Determine if /' = N (step 318); 

15 (11) If not, go to step 31 0; and 

16 (12) Otherwise, stop (step 320). 

17 

18 The above process collects performance data for all the heads at all the 

19 zones. 

20 

21 FIG. 4 shows a flowchart of vertical zoning post-measurement and per 

22 zone BPI distribution extraction that includes the steps of: 

23 (1 ) Organize the head performance data for every head i e {l, • • M, } 

24 and every zone J e as a function of the linear bit density samples, 

25 where A/fj is the total number of heads in the disk drives selected for 

26 measurement and M 2 is the total number of zones, to generate head 

27 performance histograms (step 400); 

28 (2) Choose a target performance metric (step 402); 

29 (3) Set j = 1 and i = 1 (step 404); 
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1 (4) Interpolate/extrapolate BPI at the target performance metric for 

2 head / at zone j (step 406); 

3 (5) Select the next head by incrementing /' by one (step 408); 

4 (6) Determine if all the heads have been processed by determining if 

5 i = M, (step 410); 

6 (7) If not, go to step 406 to process the next head, otherwise generate 

7 a frequency capability histogram at zone j for all the heads (step 41 2); 

8 (8) Determine if all the zones have been processed by determining if 

9 j = M 2 (step 414); 

10 (9) If not, move to the next zone and start with the first head again, set 
n 7 = 7 + 1 and i = 1 (step 41 6) and go to step 406; and 

12 (10) Otherwise, stop (step 418). 

13 

14 The above process generates 1 D frequency capability histograms at a 



15 target performance metric for every zone by considering all the heads from the 

16 sample disk drives selected for measurement. Using the 1 D frequency capability 

17 histograms at a target performance metric, probability theory known to those 

18 skilled in the art can be adopted to estimate the 1 D frequency capability 

19 distributions. Further, the above process is extended by using 2D and 3D 

20 interpolation/extrapolation routines to extract and estimate the 2D and 3D joint 

21 frequency capability histograms and their associated distributions. 

22 



23 FIG. 5 shows a flowchart of head assignments for N heads with a two 

24 frequency format (high/low data density) that includes the steps of: 

25 (1 ) Assign all the heads in a disk drive to the high data density format 

26 (step 500); 

27 (2) Calibrate all the heads at the high data density format for selected 

28 zones (step 502); 

29 (3) Measure the head performance metric at the selected zones for all 

30 the heads (step 504); 
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1 (4) For each selected zone, rank the heads by the head performance 

2 metric (step 506); 

3 (5) For each selected zone, assign the highest K heads to the high 

4 data density format, and assign the other N-K heads to the low data density 

5 format (step 508); 

6 (6) Optionally interpolate the head assignments for the remaining 

7 zones (step 510); and 

8 (7) Complete the calibration of all the heads and all the zones at the 

9 assigned formats (step 51 2). 

10 

n The above process completes the assignment of each head in each disk 

12 drive to a predetermined frequency. 

13 

14 The format generator 68 passes the track formats to the format optimizer 



15 66 to have a more accurate way of calculating the storage capacity (nominal 

16 format). Such information and constraints are provided to the format optimizer 

17 66 to solve the joint optimization problems. The format optimizer 66 performs a 

18 coarse calculation of the storage capacity, whereas the format generator 68 

19 performs an exact calculation of the storage capacity. The format generator 68 

20 provides format information (such as number of tracks per zone, and the zone 

21 format) to the format optimizer 66, and calculates the exact storage capacity. 

22 Such information is passed once from the format generator 68 to the format 

23 optimizer 66 for a head design with a given number of heads. The format 

24 generator 68 initially provides nominal information to the format optimizer 66, and 

25 the format optimizer 66 performs its calculation of target densities (zone 

26 frequencies and number of heads allocated to each frequency) and provides that 

27 information to the format generator 68. The format generator 68 then determines 

28 if required storage capacity has been reached. Adjusting the target densities to 

29 meet storage capacity and/or yield requirements includes adjusting the selected 

30 zone density or zone frequencies. 

31 
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1 FIG. 6 shows a flowchart of format generation and optimization in which 

2 an iterative process for a minimum storage capacity (C) and a user specified 

3 storage overcapacity (A) includes the steps of: 

4 (1 ) Determine the disk geometry, track density and servo spoke 

5 details, and provide the inner diameter (ID) and outer diameter (OD) radii, the 

6 track density (TPI), the number of servo spokes, and the servo spoke length 

7 (step 600); 

8 (2) The format generator 68 generates the initial format at the storage 

9 capacity using the ID and OD radii, the TPI, the number of servo spokes and the 

10 servo spoke length, and provides the radius of each zone per disk surface, the 

1 1 number of tracks per zone, the number of blocks per track, and the format 

12 efficiency by zone (step 602); 

B (3) The format optimizer 66 generates optimal target densities at all the 

14 zones using the radius of each zone per disk surface, the number of tracks per 

is zone, the number of blocks per track, and the format efficiency by zone and 

16 provides the high and low BPI targets by zone and the number of high and low 

17 BPI head allocations by zone (step 604); 

18 (4) The format generator 68 generates new formats with a storage 

19 capacity (the number of logical blocks per disk drive) (step 606); 

20 (5) Determine if the storage capacity > C and the storage capacity < (C 

21 + A) (step 608); 

22 (6) If not, adjust the target densities (step 610) and go to step 606; and 

23 (7) Otherwise, stop (step 612). 

24 

25 For example, the disk surface capacity is TPI x BPI x (1 + ECC) / FE, 

26 where TPI is the track density, BPI is the linear bit density, ECC is the fractional 

27 level of error correcting code which is typically about 0.1 , and FE is the format 

28 efficiency which is typically about 0.57. 

29 

30 The above process completes the format generation. 

31 
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1 As another example, a set of thirty-two mature disk drives are selected 

2 and each disk drive includes twelve heads. The 1 D, 2D and 3D BPI distributions 

3 are extracted at an on-track symbol error rate from the outer, middle and inner 

4 zones. Next, the BPI distributions are fed to the format optimizer 66, and high or 

5 low frequency per zone format designs are obtained at the three zones. This is 

6 performed once by individual optimization based on 1 D BPI distributions at each 

7 of the three zones, and once by joint optimization based on the measurements 

8 obtained from the three zones and their extracted 1 D, 2D and 3D BPI 

9 distributions. The head format allocation search is performed by simulation, and 

10 for each zone the one-format designs before the application of vertical zoning are 
n a special case of the two-format variable BPI designs by forcing the high and low 

12 formats to be equal to the nominal BPI format at that zone. Furthermore, the 

13 pass/fail of the disk drives is based on each head at every zone passing a target 

14 on-track symbol error rate as well as off-track squeeze and unsqueeze offset 

15 margins. Then, the yield is calculated by simulation by interpolation/extrapolation 

16 of the measurement data before and after the application of vertical zoning (VZ). 

17 Table 2 summarizes the results: 

18 
19 
20 

21 Drive Yield (Yd) 

22 Drives failed after VZ 

23 Drives recovered 

24 Passed drives failed after VZ 

25 Drives failed before VZ 
26 
27 
28 

29 Table 2 

30 

31 Although a manufacturing test case for a two format design is illustrated, 

32 the search algorithm can be easily generalized to a higher number of formats. 

33 The design of two formats based on 1 D, 2D and 3D BPI distributions can easily 

34 be generalized to higher order or dimensions by considering more than three 

35 zones. The format design can be generalized from two to a higher number of 

36 formats. The measurement procedure can be generalized to consider more 

37 zones as well as off-track measurements such as 747 curves or quality metrics 
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1 versus error rate measurements to perform a correlation study for the best metric 

2 with the least test time. 

3 

4 Further, the per zone variable BPI design can be easily extended to a 

5 variable BPI/TPI design. The measurement process is extended to include 747 

6 measurements of all the heads from a preselected number of disk drives. To 

7 speed up the measurements, instead of 747 measurements, off-track and 

8 adjacency margin squeeze measurements of the heads can be performed. Once 

9 the 747 data of the heads at a preselected number of zones is determined, for 

10 every zone, joint BPI/TPI distributions can be extracted at the target(s) by post- 
n measurement data processing. The choice of a target is an integral part of the 

12 performance gain, such as yield, due to the per zone variable BPI/TPI designs. 

13 Some example targets are off-track symbol error rate, position error signal 

14 variance, and a combination of both. After the joint BPI/TPI distributions are 

15 extracted and available for the zones, a per zone variable BPI/TPI design can be 

16 obtained by solving two constrained (joint) optimization problems: one that 

17 maximizes the yield while keeping the same disk drive areal density, and another 

18 that maximizes the disk drive areal density while keeping the same yield. Once 

19 the per zone variable BPI/TPI designs are obtained, a preselected number of 

20 heads are allocated to high and low density BPI and TPI formats, for example, for 

21 a two variable BPI/TPI per zone design performed as part of the test process. 

22 

23 The present invention improves storage capacity (and consequently areal 

24 density at a fixed target BPI) and yield and reduces the target TPI by increasing 

25 the average BPI across the stroke per head (depending on the number of 

26 formats considered) to meet a desire storage capacity. In particular, the BPI at 

27 the outer diameter may be limited by the maximum deliverable data rate of the 

28 ASIC components. For example, if the controller 57 has a maximum deliverable 

29 data rate of 650 MHz, the preamplifier 21 has a maximum deliverable data rate of 

30 7 00 MHz and the read/write channel 51 has a maximum deliverable data rate of 

31 750 MHz, then the BPI at the outer diameter is limited by the controller 57 at a 
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1 maximum deliverable data rate of 650 MHz. Thus, a conventional one format 

2 BPI profile across the stroke does not achieve the desired storage capacity and 

3 yield, whereas the present invention per zone variable BPI target formats meet 

4 the desired storage capacity at a fixed target TPI while improving the yield. 

5 

6 The data measurer 62 can be implemented by a general purpose 

7 computer 61 and the drive electronics of the disk drive 100. The general purpose 

8 computer 61 can be a high end PC, a PC server or a workstation and include 

9 programmable simulation software. The drive electronics can include the logic 

10 circuit 49 and the controller 57. The logic circuit 49 performs the measurements 

1 1 and the controller 57 directs the logic circuit 49 and transfers the data to the 

12 general purpose computer 61. The head assignments can be implemented by 

13 the controller 57 with the data collection sub-task performed by the logic circuit 

14 49. The post-measurement data processor 64, the format optimizer 66 and the 

15 format generator 68 can be implemented by the general purpose computer 61 . 

16 

n The present invention has been described in considerable detail with 

18 reference to certain preferred versions thereof; however, other versions are 

19 possible. Therefore, the spirit and scope of the appended claims should not be 

20 limited to the description of the preferred versions contained herein. 
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1 Abstract 

2 A method of defining a storage format in data storage devices, each data 

3 storage device having multiple storage media and corresponding heads, each 

4 head for recording on and playback of information from a corresponding storage 

5 media in at least one zone, and each zone including concentric tracks for 

6 recording on and playback of information. The method includes selecting a 

7 sample of the data storage devices, for each selected data storage device 

8 measuring a record/playback performance capability of each head at one or 

9 more read/write frequencies per zone, generating storage density distributions 

10 corresponding to the heads in the selected data storage devices based on the 
n performance capability measurements, selecting a group of read/write 

12 frequencies for the data storage devices with two or more frequencies for each 

13 zone based on the storage density distributions, and assigning one of the 

14 read/write frequencies to each head based on the performance capability of that 

15 head. 
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